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Résumé 
 
Sujet: Complexes organométalliques du tungstène et du molybdène à hauts degrés 
d’oxydation comme catalyseurs d’oxydation. 
 
La chimie des complexes cyclopentadiènyle du molybdène et du tungstène à hauts 
degrés d’oxydation avec des ligands oxo, imido ou sulfure a connu une importance  
croissante. En particulier, l’intérêt pour les complexes Cp* oxo du molybdène et du tungstène 
est lié à leur potentiel en catalyse d’oxydation. La plupart des avancées dans la chimie du 
molybdène et du tungstène concerne d’ailleurs l’étude des processus d’oxydation. Un besoin 
important dans ce domaine est de trouver une synthèse plus efficace et plus simple des 
dimères Cp* oxo du molybdène et du tungstène. Une voie de synthèse améliorée des deux 
complexes dimères classiques [Cp*2M2O5] (M=Mo, W), conduisant à de forts rendements, est 
décrite dans ce mémoire.  
Dans une autre partie, la réactivité du complexe de WVI avec des ligands donneurs 
soufrés est présentée, notamment les études sur l’interaction entre [Cp*2W2O5] et les acides  
mercaptocarboxyliques. En particulier, avec l’acide 3-mercaptopropionique, le composé 
[Cp*WO2(SCH2CH2COOH)] a été isolé et complètement caractérisé, y compris par 
diffraction des rayons X sur monocristal. Ce composé est le premier complexe du WVI où le 
métal a un environnement de coordination de type CpO2(SR). La comparaison avec les 
résultats de la réaction analogue de [Cp*2Mo2O5], qui s’accompagne d’une réduction facile du 
centre métallique, montre une plus forte tendance du molybdène à être réduit. Pour le 
complexe de tungstène, au contraire, une réaction réversible de simple échange de ligands a 
lieu. La réaction équivalente avec l’acide thioglycolique conduit à la formation d’un adduit de 
même stoechiométrie à faible rapport substrat/W mais possédant un cycle à 5 chaînons dans 
une structure asymétrique [Cp*WO(OH)(SCH2COO)]. Cependant, pour des rapports 
substrat/W plus importants, les solutions deviennent très foncées indiquant une réduction du 
métal conduisant à divers sous-produits comme l’indique la RMN du mélange.  
Des études détaillées de spéciation du composé [Cp*2W2O5], par RMN du proton et par 
conductivité électrique dans différent solvants coordinats et dissociants (acétone, DMSO, 
MeOH, MeCN, H2O) sont présentées dans cette thèse. Les études RMN sont en plein accord 
avec les mesures de conductivité, indiquant que les espèces présentes dans tous les solvants 
organiques sont exclusivement ou au moins très majoritairement non-dissociées. Ces études 
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expérimentales démontrent également qu’au moins deux espèces sont formées dans des 
solvants polaires, ce qui est corroboré par des calculs DFT.   
Les complexes Cp*Mo oxo ont prouvé être des précatalyseurs efficaces d’oxydation. 
Cette étude a été focalisée sur l’étude de l’activité catalytique de [Cp*2Mo2O5] avec 
l’hydroperoxyde de tertiobutyle (TBHP) dans le décane comme oxydant dans des mélanges 
MeCN/Toluène. De fortes activités ont été observées dans des conditions douces, avec des 
charges catalytiques pouvant être diminuées jusqu’à 1%, avec de fortes chimiosélectivités 
dans la réaction d’époxydation du cyclooctène.  
 
 
Mots clés: molybdène, tungstène, ligands oxyde, pentaméthylcyclopentadiènyle, époxidation, 
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Summary 
 
Subject: High oxidation state organometallic complexes of molybdenum and tungsten as 
oxidation catalysts 
 
The chemistry of molybdenum and tungsten cyclopentadienyl complexes in higher 
oxidation states with oxo, imido and sulfide ligands has increased in significance. Interest in 
Cp* oxo molybdenum and tungsten complexes is particularly motivated by their potential in 
oxidation catalysis. Most advances in the chemistry of molybdenum and tungsten systems 
involve investigations on oxidation processes. An important need in this area is to find a 
better and simpler procedure for the synthesis of dinuclear Cp* oxo molybdenum and 
tungsten complexes. Improved high-yield synthetic routes to the well-known starting 
compounds [Cp*2M2O5] (M=Mo, W) are described in the thesis.  
Subsequently, the reactivity of the WVI complex with sulphur donor ligands is 
presented. This comprises the investigation of the interaction between [Cp*2W2O5] and 
mercaptocarboxylic acids, especially 3-mercaptopropionic acid, which resulted in the 
isolation and structural characterization of compound [Cp*WO2(SCH2CH2COOH)]. This is 
the first reported structure of WVI surrounded by a CpO2(SR) ligand set. Comparison with the 
results of the corresponding reaction of [Cp*2Mo2O5], which leads to facile metal reduction, 
shows a greater tendency of the Mo compound to be reduced. For the W complex, on the 
other hand, a reversible reaction gives rise to a simple Cp*WVI ligand exchange product. The 
corresponding reaction for thioglycolic acid resulted in an adduct having the same 
stoichiometry at low substrate/W ratio, but containing a 5-membered cycle in an asymmetric 
[Cp*WO(OH)(SCH2COO)] structure. However, the deepening of the solution color when 
using greater substrate/W ratios indicates the intervention of metal reduction to yield several 
by-products as shown by NMR.  
Cp*Mo oxo complexes have proven to be efficient catalyst precursors for the 
epoxidation of olefins and the thesis also focused on the catalytic activity of [Cp*2Mo2O5] 
with TBHP (in decane) as oxidant in the MeCN/Toluene system. High activities were 
observed under mild conditions with catalyst loadings as low as %1 and with high 
chemoselectivities for the epoxidation of cyclooctene. The rate law for the catalyzed process 
has been derived and the difference with respect to the previously determined rate law for the 
same process with H2O2 as oxidant is discussed. The activation parameters for the catalytic 
process have also been derived by the Eyring analysis from variable-temperature kinetic data. 
 VI 
A puzzling difference in relative reactivity of the Mo and W systems (W >> Mo when using 
H2O2, W << Mo when using TBHP), however, remains without a satisfactory rationalization.  
A detailed investigations of the speciation behavior of the tungsten compound, 
[Cp*2W2O5], through combined 1H NMR and electrical conductivity studies in a variety of 
coordinating and dissociating solvents (acetone, DMSO, MeOH, MeCN, H2O) is presented in 
the thesis. The combined 1H NMR investigations are in complete agreement with the results 
of the electrical conductivity studies, in the sense that the dominant or exclusive species in all 
organic solvents is undissociated. These experimental studies demonstrate that at least two 
species are formed in polar solvents and are corroborated by a computational study. 
 
 
Keywords: Molybdenum, Tungsten, oxido ligands, pentamethylcyclopentadienyl, 
epoxidation, 
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ABBREVIATIONS 
 
Å     Angström 
bdt    Benzenedithiolate 
Bu    Butyl 
Bz    Benzyl 
COE    Cyclooctene 
Cp    Cyclopentadienyl 
Cp’’’    1,2,4-tri-tert-butylcyclopentadienyl 
CpBz    Pentabenzylcyclopentadienyl 
Cp*    Pentamethylcyclopentadienyl 
DMSO   Dimethylsulfoxide 
ε dielectric constant 
edt ethane-1,2-dithiolate 
Et     Ethyl 
δ     Chemical shift 
h     Planck constant 
Hz    Hertz 
IR    Infrared spectroscopy 
iPr    Isopropyl 
J     Coupling constant 
kB     Boltzmann constant 
Me    Methyl 
MHz    Megahertz 
NEt3    Triethylamine 
NMR    Nuclear magnetic resonance 
ORTEP   Oak Ridge Thermal Ellipsoid Plot Program 
Ph    Phenyl 
Phen    Phenanthroline 
Pr     Propyl 
tBu    tert-butyl 
TBHP    tert-butyl hydroperoxide 
TFA    Trifluoroacetic acid 
 VIII 
THF    Tetrahydrofurane 
TMS    Trimethylsilyl 
TOFs    Turnover frequencies 
Tp    Hydridotris(1-pyrazolyl)borate 
Tp*    Hydrotris(3,5-dimethylpyrazolyl)borate 
 
 IX 
LIST OF Cp and Cp* COMPOUNDS AND THEIR ABBREVIATIONS 
 
C.1.1.1.    [{(η5-C5H5)Mo(CO)3}2]    p.1 
C.1.1.2.    [{(η5-C5H5)Mo(O)2}2O]    p.1 
C.1.1.3.    [(η5-C5H5)Mo(O)2Cl]     p.1 
C.1.1.4.    [(η5-C5H5)Mo(O)Cl2]     p.1 
C.1.1.5.    [(η5-C5H5)MoCl4]     p.1 
C.1.1.6.    [(η5-C5H5)2M(O)]     p.2 
C.1.1.7.    [Cp2M2(CO)6] (M = Mo, W)    p.2 
C.1.1.8.    [M(CO)3(NCMe)3]     p.2 
C.1.1.9.    [CpW(CO)3(CH2Ph)Cp]    p.2 
C.1.1.10.    [W2(CO)6(µ-fulvane)]    p.2 
C.1.1.11.    [Cp2M2(CO)4] (M = Mo, W)    p.2 
C.1.1.12.    [CpWH(CO)3]     p.2 
C.1.1.13.    [CpWCl(CO)3]     p.3 
C.1.1.14.    [Cp*W(CH3)4]     p.3 
C.1.1.14-1.    [Cp*W(CH3)4]+     p.3 
C.1.1.15.    [Cp*WCl4(PMe3)]     p.3 
C.1.1.16.    [Cp2W(O)(CH3)]+     p.3 
C.1.1.17.    [{Cp2W(CH3)}2(µ-O)]2+    p.4 
C.1.1.18.    [(η5-C5R5)ReO3 (R = Me or H)   p.4 
C.1.1.19.    [(η5-C5H5)WO(C2H4)Me]    p.4 
 X 
C.1.1.20.    [(η5-C5H5)W(O)2(CH2SiMe3)]   p.4 
C.1.1.21.I.    [CpWX(O)2] (WVI)     p.4 
C.1.1.21.II.    [CpWX2(O)] (WV)     p.4 
C.1.1.22.    [Cp*W(O)2Cl]     p.4 
C.1.1.23.    [Cp*2W2O5]       p.4 
C.1.1.24.    [Cp*WO2CH2SiMe3]     p.4 
C.1.1.25.    [Cp*W(CO)2]2     p.4 
C.1.1.26.    [Cp*WCl4]      p.5 
C.1.1.27.    [Cp*WCl3(OH)]     p.5 
C.1.1.28.    [Cp*WCl2(OH)2]     p.5 
C.1.1.29.    [Cp*WO3]-      p.6 
C.1.1.30.    [tBuNH3][Cp*WO3]     p.6 
C.1.1.31.    [Cp*M(O)2Cl] (M = Mo, W)    p.8 
C.1.1.32.    [Cp*(O)2M-O-M(O)2Cp*] (M = Mo, W)  p.8 
C.1.1.33.    [Cp*(O)2Mo-O-W(O)2Cp*]    p.8 
C.1.1.34.    [Cp*Mo(O)2Cl]     p.8 
C.1.1.35.    [Cp*MoO3]-      p.8 
C.1.1.36.    [Cp*2Mo2O5]      p.8 
C.1.1.37.    [Cp2M’Cl2]      p.8 
C.1.1.38.    [Cp2M’(Cl)-O-M(O)2Cp*]  
      (M’ = Ti, Zr, M = Mo, W)    p.8 
C.1.1.39.    [Cp*W(NtBu)2Cl]     p.9 
 XI 
C.1.1.40.    NBu4[Cp*WO3]     p.9 
C.1.1.41.    [Cp*WO2Cl]      p.10 
C.1.2.1.    [Cp*WO2(SCH2CH2COOH)]   p.12 
C.1.2.2.    [CpW(CO)3SH]     p.13 
C.1.2.3.    [(η5-C5R5)(CO)3M(EH)]  
      (R = H, Me; M = Mo,W, Cr; E = S, Se)  p.13 
C.1.2.4.    [CpW(SSR)(CO)3]     p.14 
C.1.2.5.    [CpW(SSSR)(CO)3]     p.14 
C.1.2.6.    [CpW{SS(O)R}(CO)3] (R=CH2C6H5, p-C6H4CH3)  p.14 
C.1.2.7.    [CpW(SR)(CO)3] (R = aryl)    p.14 
C.1.2.8.    [CpW{S(O)2R}(CO)3]    p.14 
C.1.2.9.    [CpW(CO)3]-      p.14 
C.1.2.10.    [CpW(SMe)(CO)3]     p.14 
C.1.2.11.    [CpW(CO)3(S2Me2)]+     p.15 
C.1.2.12.     [CpW(SR1)(CO)3] (R1 = Me, Et)   p.15 
C.1.2.13.    [CpW(CO)2(SR1CR2=CR2CO)]   p.15 
C.1.2.14.    [Cp2W2(S)2(µ-S)2]     p.15 
C.1.2.15.    [Cp2W2(µ-SCH=CHS)2]    p.15 
C.1.2.16.    [Cp2W2(S)(µ-S)2(SCH=CHS)]   p.15 
C.1.2.17.     [Cp2W2(µ-S)2(SCH=CHS)2]     p.15 
C.1.2.18.    [{CpW(CO)3}2(µ-S)]     p.15 
C.1.2.19.    [Cp2W2(CO)4(µ-SCH2)]    p.15 
C.1.2.20.    [{CpW(CO)2}2(µ-SSO2)2]    p.15 
 XII 
C.1.2.21.    [CpW(SO2H)(CO)3]     p.15 
C.1.2.22.    [{CpW(CO)3}2(µ-S2O4)]    p.15 
C.1.2.23.    [Cp2W2(=E)2(µ-S)2] (E = N-TMS, S or O)  p.15 
C.1.2.24.    [CpW(Cl)(CO)3]     p.15 
C.1.2.25.    [{CpW(CO)3}2(µ-S2)]    p.15 
C.1.2.26.    [CpW(CO)2(PMe3)(µ-S)ZrClCp2]   p.16 
C.1.2.27.    [CpW(CO)2(PMe3)]-     p.16 
C.1.2.28.    [Cp2ZrCl2]      p.16 
C.1.2.29.    [Cp2W2(CO)4(µ-SR)2]    p.16 
C.1.2.30.    [Cp2W2(CO)2(µ-SR)2]    p.16 
C.1.2.31.    [CpW(SPri)(CO)2(PPh3)]    p.16 
C.1.2.32.    [Cp*2W2(CO)4]     p.16 
C.1.2.33.    [Cp*2W2(µ-S)2(S)(CO)2]    p.16 
C.1.2.34.    [Cp*2W2S4]      p.16 
C.1.2.35.    [Cp*W(S)]2(µ-S)2      p.16 
C.1.2.36.     [Cp*W(S)]2(µ-S2)      p.16 
C.1.2.37.    (PPh4)[Cp*W(S)3]     p.18 
C.1.2.38.    [Cp*W(S)2(StBu)]     p.19 
C.1.2.39.    (PPh4)[Cp*W(S)(S2C2Ph2)]    p.19 
C.1.2.40.    [Cp*2Mo2(µ-S)(µ-SCH2COO)2]   p.20 
C.1.2.41.    [Cp*2Mo2(µ-O)(µ-SCH2CH2CO2)2]   p.22 
C.1.2.42.    [Cp*MoO2(StBu)]     p.26 
 XIII 
C.1.2.43.    [WO2(SPh)2(terpy)]     p.28 
C.1.2.44.    [WO2(SCPh2COO)2]2-    p.28 
C.1.2.45.    [WO2(S2C2Me2)2]2-     p.28 
C.1.2.46.    [WO2{2,3-S2-1,4-C6H2(NHCOMe)2}2]2-  p.28 
C.1.3.1.    [Cp*WO(OH)(SCH2COO)]    p.31 
C.1.5.1.    Na[Cp*WO3]      p.35 
C.2.1.1.    Mimoun complexes     p.44 
C.2.1.2.    [Cp*MoO2Cl]      p.48 
C.2.1.3.    [Cp*Mo(O)2OCl]     p.50 
C.2.1.4.    (η5-C5R5)MoO2Cl (R=H, CH3, CH2Ph (Bz))  p.51 
C.2.1.5.    [Cp’MoO2Cl] 
      (Cp’=C5H5, C5Me5, CpBz, C5H(iPr)4)  p.52 
C.2.1.6.    [Cp’2Mo2O5]      p.52 
C.2.1.7.    [Cp’MoO2X] (X = Cl or O3MoCp*)   p.53 
C.2.1.8.    [Cp*MoO2(H2O)]+     p.53 
C.2.1.9.    [Cp*MoO2(OH)]     p.53 
C.2.1.10.    [Cp’Mo(CO)3Cl]         p.53 
C.2.1.11.    [Cp’Mo(CO)3R] (R = alkyl)    p.53 
C.2.1.12.    [CpMo(CO)3CH3]     p.53 
C.2.1.13.    [CpMoO2(CH3)]     p.54 
C.2.2.1.    [Cp*O2Mo-O-MoO(OH)(OOtBu)Cp*]  p.73 
C.3.1.1.    [Cp*MoO2]+      p.85 
 XIV 
C.3.1.2.    [Cp*MoO(OH)2]+     p.86 
C.3.1.3.    [Cp*3Mo3O7]+      p.88 
C.3.1.4.    [Cp*WO2(H2O)]+     p.92 
C.3.1.5.    [Cp*WO2(µ-OMe)]2     p.103 
C.3.1.6.    [Cp*WO2(OH)]     p.107 
C.3.1.7.    [Et3NH]+[Cp*MoO3]-     p.109 
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Résumé détaillé 
 
Cette thèse est divisée en trois parties. Le premier chapitre concerne la réactivité du 
dimère [Cp*2W2O5] avec des thiols portant une fonction acide carboxylique et la comparaison 
de cette réactivité avec celle du composé analogue du molybdène [Cp*2Mo2O5]. Deux thiols 
différents avec un nombre de carbones différents entre la fonction thiol et la fonction acide 
carboxylique ont été étudiés. Le second chapitre est consacré aux études de la réaction 
d’époxydation d’alcènes utilisant des solutions de TBHP dans le décane en présence de 
[Cp*2Mo2O5]. Enfin un troisième chapitre est consacré aux études précises de spéciation de  
[Cp*2W2O5] qui ont été menées dans différents solvants par mesure de RMN du proton et de 
conductivités.  
Après une introduction bibliographique des composés du tungstène portant un ligand 
cyclopentadiènyle Cp ou Cp* à divers degrés d’oxydation, qui inclut les travaux de synthèse 
du dimère [Cp*2W2O5] menées en collaboration par les équipes françaises et turques 
impliquées dans cette thèse, les études de la réactivité de [Cp*2W2O5] avec les acides 
mercaptocarboxyliques menées au laboratoire sont présentées. En effet, l’intérêt pour ces 
études est directement lié au fait que  les composés organométalliques du tungstène portant 
des ligands soufrés peuvent être des modèles fonctionnels des nitrogénases. De plus, si de 
nombreux composés organométalliques soufrés du molybdène ont été décrits, beaucoup 
moins de dérivés du même type du tungstène l’ont été. 
La réaction de [Cp*2W2O5] avec l’acide 3-mercaptopropionique HSCH2CH2COOH 
dans le méthanol à température ambiante conduit lentement à la formation du composé 
[Cp*WO2(SCH2CH2COOH)] par une réaction équilibrée. En partant des proportions 
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stoechiométriques, l’équilibre est atteint après 24h (64% de [Cp*WO2(SCH2CH2COOH)]). La 
réaction peut être complétement déplacée vers la formation du dérivé 
[Cp*WO2(SCH2CH2COOH)] dans le dichlorométhane en éliminant l’eau produite par la 
réaction grâce à l’utilisation de sulfate de sodium anhydre. De plus, l’ajout d’eau à une 
solution du  composé [Cp*WO2(SCH2CH2COOH)] dans le chloroforme déplace totalement 
l’équilibre vers la formation de [Cp*2W2O5] et d’acide 3-mercaptopropionique. Durant toutes 
ces réactions, les solutions restent jaune clair indiquant que le tungstène reste très 
probablement au degré d’oxydation VI contrairement à ce qui peut être observé pour le 
composé analogue du molybdène qui est alors réduit par l’acide 3-mercaptopropionique en 
composé du Mo(IV) de couleur rouge foncée.  
 
Des monocristaux  de tailles suffisantes pour réaliser une étude structurale par 
diffraction des rayons X ont été obtenus. Cette étude structurale a confirmé la structure 
proposée à partir des résultats de la RMN de 1H. C’est, à notre connaissance, le premier 
exemple de structure cristallographique obtenue pour un composé du tungstène possédant un 
ensemble de ligands CpO2(SR). La distance W-S est courte par rapport aux autres distances 
observées dans des composés du type WVIO2(SR) à cause d’un effet trans plus faible du 
ligand Cp*. 
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La réaction analogue de [Cp*2W2O5] avec l’acide mercaptoacétique (ou 
thioglycolique) dans le chloroforme ou le méthanol montre que [Cp*2W2O5] réagit 
rapidement avec l’acide mercaptoacétique dans une réaction équilibrée et non sélective (5 
produits observés en RMN du 1H). Lors de ces réactions, les solutions deviennent beaucoup 
plus foncées indiquant une probable réduction du tungstène par l’acide thioglycolique. Un 
suivi de la réaction par RMN du 1H après des ajouts successifs de proportions 
substoechiométriques d’acide thioglycolique montre qu’en début de réaction un produit 
principal (δ=2,30 ppm) est obtenu quasiment quantitativement avec une stoechiométrie acide 
thioglycolique/ complxe de tungstène de 1 mais qu’à partir d’une quantité d’acide 
mercaptoacétique ajoutée supérieure à environ 0,5 équivalents par rapport au tungstène 
différents sous-produits sont obtenus. Un maximum de 64% en produit principal est obtenu 
pour 1,4 équivalents d’acide mercaptoacétique alors que dans ces conditions encore 20% du 
produit de départ sont encore observés. Il faut utiliser 10 équivalents d’acide thioglycolique 
au reflux pour convertir totalement [Cp*2W2O5] dans les différents produits obtenus à 
température ambiante sauf le composé de stoechiométrie 1/1 (δ=2,30 ppm). Ces produits sont 
probablement des produits de réduction du tungstène par un excès d’acide thioglycolique. 
L’absence de signal correspondant au groupe SH comme dans le composé 
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[Cp*WO2(SCH2CH2COOH)] et la symétrie observée (système AB pour le groupe méthylène) 
en RMN du 1H nous permettent de proposer une structure  [Cp*W(OH)O(SCH2COO)] où les 
atomes de soufre et d’oxygène provenant de l’acide mercaptoacétique sont liés au même 
centre métallique dans un cycle à 5 chaînons. 
W
O
OH O
S
O
H
H
 
On peut remarquer que lors de la réaction entre [Cp*2W2O5] et les deux thiols portant 
une fonction acide carboxylique étudiés, un ligand dur est déplace par un ligand soufré mou 
alors que le tungstène au degré d’oxydation VI est un métal dur. Cela est probablement du à la 
nature du ligand Cp* qui « amollit » le centre métallique. 
Le second chapitre est consacré aux réactions d’époxydation des oléfines. Après un 
rappel bibliographique sur la réaction d’époxydation des alcènes avec des complexes du 
molybdène en général et, en particulier, les aspects mécanistiques de cette réaction 
(mécanismes de Sharpless, mécanisme de Mimoun, …), l’utilisation des complexes 
cyclopentadienyl-oxo du molybdène dans la réaction d’époxydation est présentée. En 
particulier, les premiers résultats dans ce domaine de l’équipe Poli en collaboration avec 
l’équipe de Carlos Romao à Lisbonne en utilisant les composés dimères [Cp*2Mo2O5] et 
[Cp*2W2O5] est présentée : 
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Dans le chloroforme comme solvant, l’utilisation de solution d’hydroperoxyde de 
tertiobutyle dans le décane comme oxydant dans la réaction d’époxydation du cyclooctène 
permet d’obtenir de bonnes activités catalytiques alors la réaction est beaucoup plus lente en 
utilisant des solutions aqueuses d’hydroperoxyde de tertiobutyle ou d’hydroperoxyde 
d’hydrogène. Les résultats plus récents de l’équipe en collaboration avec l’équipe de Maurizio 
Peruzzini à Florence concernant d’oxydation des dérivés difficiles à oxyder du thiophène 
(benzothiophène, dibenzothiophène,…) a été également présentée. Dans un mélange 
toluène/acétonitrile, les solutions aqueuses d’hydroperoxyde d’hydrogène permettent 
d’oxyder efficacement les dérives du thiophène dans les sulfoxydes et sulfones 
correspondants en présence des composés [Cp*2Mo2O5] ou [Cp*2W2O5]. Dans ces conditions, 
le composé du tungstène est environ 100 fois plus actif que le composé du molybdène.  
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Ce même système catalytique est également efficace dans la réaction d’époxydation du 
cyclooctène. Pour cetet dernière réaction, le composé du tungstène est environ 50 fois plus 
catalytiquement actif que le dimère de molybdène. 
 L’étude présentée dans le manuscript a consisté en l’extension de ces systèmes 
catalytiques  à l’utilisation de solutions d’hydroperoxyde de tertiobutyle dans le décane pour 
[Cp*2Mo2O5] et [Cp*2W2O5]. Après un screening de différents solvants, le chloroforme et 
l’acétonitrile ont été identifiés comme des solvants de choix pour la réaction en présence de 
[Cp*2Mo2O5]. Cependant quelque soit le solvant utilisé, [Cp*2W2O5] s’est montré inactif dans 
la réaction d’époxydation du cyclooctène. 
 
Afin de rendre le cycloctène totalement soluble dans le solvant même pour des 
concentrations importantes, le reste de l’étude a été conduite dans un mélange 
toluène/acétonitrile. En particulier, les ordres par rapport au substrat, au catlyseur et à 
l’oxydant ont ét déterminés en début de réaction car les cinétiques sont perturbées par la 
présence  de tertiobutanol obtenue de façon stoechiométrique à partir de  l’hydroperoxyde de 
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tertiobutyle à chaque réaction d’époxydation. Les ordres de réaction ont été trouvés égaux à 1 
pour le catalyseur, le cyclooctène et l’hydroperoxyde de tertiobutyle. 
L’influence de la température sur la réaction d’époxydation du cyclooctène  a été 
étudiée. Ces données cinétiques permettent de déterminer les paramètres énergétiques 
(ΔH #+ΔH°=15.1 kcal.mol-1 ;  ΔS #+ΔS°=15.1 cal.mol-1.K-1). 
 
 Notre équipe a étudié en détail les propriétés, la réactivité chimique et le 
comportement catalytique dans diverses réaction d’oxydation du dimère [Cp*2Mo2O5]. En 
particulier, la spéciation de [Cp*2Mo2O5] a été étudiée dans un mélange eau/ méthanol 
(80/20) à différents pH. [Cp*2MoO2(H2O)]+ prédomine pour des pH inférieurs à 2 tandis que 
[Cp*2MoO3]- est très majoritaire pour des pH basiques dès pH 6. Des quantités importantes de 
[Cp*2MoO2(OH)] sont observées pour des pH intermédiaires (maximum autour de pH=4). 
Dans un mélange eau/méthanol (80/20), [Cp*2Mo2O5] est donc un électrolyte fort qui se 
dissocie en [Cp*2MoO2(H2O)]+ et [Cp*MoO3]-  avec de faibles quantités de [Cp*2MoO2(OH)] 
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(jusqu’à 15% à pH 4). La nature ionique de [Cp*2Mo2O5] dans un mélange eau/méthanol 
(80/20) a également été montrée par mesure de la conductivité de la solution.  
Nous avons voulu connaître également le comportement de [Cp*2W2O5] dans différents 
solvants et dans différentes conditions acido-basiques et le comparer à celui de [Cp*2Mo2O5]. 
Pour cela, nous avons mesuré la conductivité molaire de différentes solutions de même 
concentration en [Cp*2W2O5], en [Cp*2Mo2O5] ou en Na+[Cp*WO3-] dans différents solvants 
organiques de polarité variable et dans un mélange eau/méthanol (80/20). Les conductivités 
pour les deux dimères métalliques sont similaires mais si elles sont toujours supérieures pour 
le composé du tungstène (voir tableau ci-dessous). En particulier, la conductivité de 
[Cp*2W2O5] est particulièrement forte dans le  mélange eau/méthanol (80/20), même 
supérieure à celle du sel Na+[Cp*WO3]- probablement due à la production de protons à forte 
mobilité (la mesure du pH de la solution donne une valeur de 4). La plus forte conductivité de 
[Cp*2W2O5] par rapport à [Cp*2Mo2O5] peut donc être due à une plus forte dissociation, à une 
plus forte acidité ou à une combinaison des deux effets.  
Conductivités molaires de solutions 4·10-4 M solutions de [Cp*2M2O5] (M = Mo, W) dans 
différent solvants (en ohm-1·cm2·mole-1) 
 
aValeurs obtenues dans une étude précédente de l’équipe . bPas complétement dissous.  
Solvant [Cp*2Mo2O5] [Cp*2W2O5] Na+[Cp*WO3]- 
Acétone 0.8a 1.3 5.5b 
DMSO 0.5 2.3 22.1 
Acétonitrile 0a 2.6 11.5b 
Méthanol 4.2a 4.9 117.4 
Méthanol-eau (20:80) 102a 313.7 214.8 
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 Dans le mélange eau/méthanol (80/20), une étude RMN de [Cp*2W2O5] et de 
[Cp*2Mo2O5] à différents pH a été réalisée. Dans ce mélange, le spectre de RMN 1H de 
[Cp*2W2O5] montre deux pics à 2,224 ppm et 2,128 ppm dans un rapport 40/60. L’ajout 
d’acide (acide trifluoroacétique) fait augmenter le pic à 2,128 ppm pendant que  l’intensité du 
pic à 2,244 ppm  diminue et que le signal se décale progressivement jusqu’à 2.210 ppm. 
L’ajout de base (triéthylamine) fait disparaitre le pic à 2,244 ppm et déplace légèrement le pic 
à 2,128 ppm jusqu’à 2.067 ppm qui peut être attribué à [Cp*WO3]-  par comparaison avec le 
spectre d’une solution de Na+[Cp*WO3]-, (2.064ppm). Des résultats similaires sont obtenus 
avec le complexe de molybdène de [Cp*2Mo2O5]. Ces résultats peuvent être rationalisés par le 
schéma suivant : 
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Le pic à 2,128 ppm avant ajout de base ou d’acide peut être attribué aux espèces 
[Cp*WO3]-  et [Cp*WO2(OH)] en équilibre rapide à l’échelle de temps de la RMN. L’ajout de 
base (NEt3) déplace l’équilibre vers la forme basique [Cp*WO3]-  et donc le déplacement 
chimique de l’espèce moyenne est déplacé vers les champs forts jusqu’à atteindre la valeur de 
[Cp*WO3]-   seul. Le pic à 2,224 ppm peut être attribué aux espèces [Cp*WO2(H2O)]+ et 
[Cp*WO2]+ en équilibre rapide entre elles à l’échelle de temps de la RMN mais en équilibre 
lent avec [Cp*WO (OH)2]+. L’ajout d’acide (acide trifluoroacétique) augmente bien entendu 
la proportion de ce signal à 2,224 ppm. 
Les études de conductivité ont montré que dans les différents solvants organiques 
utilisés  en absence de quantité significative d’eau, les complexes de tungstène et de 
molybdène étaient essentiellement sous formes neutres. Des études RMN dans ces différents 
solvants ont été menées. Pour une solution de [Cp*2Mo2O5] dans le méthanol pur, seul le 
signal correspondant au dimère [Cp*2Mo2O5] est observé. L’ajout d’eau conduit 
progressivement à la formation du mélange [Cp*MoO3]-/[Cp*MoO2(OH)]  comme il avait été 
observé pour le mélange CD3OD/D20 (20/80). Dans le cas de [Cp*2W2O5] dans le méthanol 
pur, le signal du dimère est également observé mais également un pic majoritaire d’un 
nouveau composé  dont la structure proposée avec l’aide de calculs DFT réalisés par le Dr 
Iker Del Rosal dans l’équipe du Professeur Agusti Lledos de l’Université Autonome de 
Barcelone est celle d’un monomère méthoxy : 
 
 Dans le méthanol pur, l’ajout d’acide trifluoroacétique à une solution de Cp*2W2O5 
dans le méthanol pur ne modifie quasiment pas le spectre RMN car les formes cationiques ne 
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sont pas alors accessibles. L’ajout de triéthylamine conduit progressivement à une disparition 
des signaux de [Cp*2W2O5]  et de [Cp*WO2(OMe)] et à l’apparition  du pic de [Cp*WO3]-.   
 Dans le DMSO, le comportement de [Cp*2W2O5] est très proche en milieux neutres 
(présence du dimère [Cp*2W2O5]  et d’un peu du composé hydroxy [Cp*WO2OH)] , acides et 
basiques. 
 Dans l’acétone pur, seul les pics des dimères [Cp*2W2O5] ou [Cp*2Mo2O5] sont 
observés. Il faut ajouter 4,3 équivalents d’eau pour observer environ 10% de [Cp*WO2OH]. 
Comme dans le méthanol  ou le DMSO, l’ajout d’acide trifluoroacétique ne modifie pas le 
spectre RMN du 1H et l’ajout de triéthylamine permet d’obtenir progressivement le composé 
anionique [Cp*MoO3]- ou [Cp*WO3]-. 
 Dans l’acétone comme solvant, Na[Cp*WO3] a comportement étonnant car deux pics 
sont présents dans le spectre RMN. Un petit pic à 1,929 ppm (dans la région attendue pour 
[Cp*WO3]-) est obtenu mais le pic principal est observé à 2,846 ppm. Imaginant que les ions 
Na+ et [Cp*WO3]- pouvaient être appariés dans une paire d’ions intime, le pic de l’ion libre se 
trouvant à 1,929 ppm et celui de la paire d’ions intime à 2,846 ppm, nous avons ajouté à la 
solution une quantité stoechiométrique d’éther-couronnes15-5, complexant spécifique de l’ion 
sodium Na+. La quantité d’anion libre [Cp*WO3]- augmente alors et le pic à 2,846 ppm 
s’élargit et se déplace légèrement à 2.903. Nous proposons le schéma suivant de réactions 
avec l’éther-couronnes 15-5 : 
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Ce type de comportement de Na[Cp*WO3] se retouve également dans l’acétonitrile. 
Dans ce même solvant, le comportement des dimères [Cp*2W2O5] et [Cp*2Mo2O5] est très 
proche en milieux neutres, acides et basiques de celui observé dans le méthanol, le DMSO ou 
l’acétone. 
Pour résumer, ce chapitre les différents résultats de RMN dans les différents solvants 
et mélanges de solvants étudiés sont collectés dans graphe et le le tableau ci-dessous : 
CDCl3
1.71.81.92.02.12.22.3
CD3CN
CD3COCD3
CD3SOCD3
CD3OD
CD3OD(20)/D2O(80)
[Cp*MO2(D2O)]+
[Cp*MO2(OD)]
[Cp*MO3]‐
[Cp*2M2O5]
W Mo
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Récapitulatif des déplacements chimique en RMN de 1H  pour les différentes espèces 
observes à partir de [Cp*2M2O5] (M = Mo, W) a et  Na+[Cp*WO3]- dans divers mélanges 
de solvants.b  
Solvent [Cp*MO2(H2O)]+ [Cp*2M2O5] [Cp*MO2(OH)] [Cp*MO3]- c [Cp*WO3]- d 
D2O:CD3OD 
(80:20) 
2.077/2.244 - 2.091/2.210 1.942/2.067 2.064 
CD3OD  2.045/2.211 - 1.938/2.062 2.060 
DMSO-d6  1.931/2.075 1.921/2.034 1.729/1.855 1.800 
Acetone-d6  1.998/2.141 n.d./2.100 1.867/1.962 1.929 
CD3CN  1.994/2.139 n.d./2.116 1.862/1.965 1.936e 
CDCl3  2.048/2.180 -  -  -  
a Valeur de gauche, Mo; valeur de droite, W. b n.d. = non determiné. c Obtenu à partir d’un 
mélange [Cp*2M2O5]/Et3N. d Obtenue à partir de Na[Cp*WO3]. e Valeur correspondante pour 
[Cp*MoO3]- = 1.822.  
 
En conclusion, l’étude présentée dans le premier chapitre a permis d’obtenir des 
complexes organométalliques du tungstène (VI) contenant du soufre, d’intérêt potentiel pour 
l’étude de systèmes biologiques. Le second chapitre a permis de mettre au point un système 
efficace d’époxydation des alcènes dans un mélange toluène/acétonitrile par des solutions 
d’hydroperoxyde de t-butyle dans le décane en utilisant [Cp*2Mo2O5] comme précatalyseur. 
Dans ces conditions, contrairement au système catalytique très proche utilisant des solutions 
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aqueuses de peroxyde d’hydrogène, le composé du tungstène [Cp*2W2O5] est catalytiquement 
inactif. La vitesse de la réaction est du premier ordre en catalyseur, en alcène et en TBHP. 
Une étude détaillée de spéciation de [Cp*2Mo2O5] et [Cp*2Mo2O5] a été menée par 
conductivité et RMN avec l’aide calculs DFT a permis une détermination des différentes 
espèces en équilibre dans des divers mélanges de solvants mais la relation entre la spéciation 
et la réactivité observée en époxydation du cyclooctène est dificile à établir, en particulier le 
rôle essentiel de l’eau dans ces systèmes. Des efforts supplémentaires seront menés dans 
l’équipe pour tenter de comprendre l’origine des réactivités observées et ainsi de mettre au 
point des systèmes catalytiques plus performants. 
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CHAPTER 1  
 
HIGH OXIDATION STATE CYCLOPENTADIENYL (C5R5, R=H, Me) OXO 
TUNGSTEN COMPLEXES 
 
1.1. Bibliographic Introduction to Chemistry of Cp and Cp* Tungsten 
Complexes  
 
The chemistry of the cyclopentadienyl derivatives of the transition metals of 
Group VI and Re has proved to be very extensive. Their study has led to considerable 
development not only in the chemistry of the metals concerned but also in the general 
context of synthesis, structure, bonding, mechanism and reactivity in organotransition 
metal chemistry [1].  
Derivatives of these compounds have therefore played an important role in the 
development of our understanding of the reactions of transition metal organometallics, 
particularly in the hands of Green and his co-workers. Important examples include the 
development of the photochemistry of polyhydride complexes, of C-H activation 
chemistry, and of insertion reactions of alkene and alkylidene ligands [1-4].  
The formation and reactivity of oxo complexes has been a recurring theme in 
molybdenocene and tungstenocene chemistry, beginning with the seminal work of 
Cousins and Green in which they converted [{(η5-C5H5)Mo(CO)3}2] (C.1.1.1.) into 
[{(η5-C5H5)Mo(O)2}2O] (C.1.1.2.), [(η5-C5H5)Mo(O)2Cl] (C.1.1.3.), [(η5-
C5H5)Mo(O)Cl2] (C.1.1.4.), and [(η5-C5H5)MoCl4] (C.1.1.5.) [5, 6]. These reports 
provided the first access to the chemistry of monocyclopentadienyl complexes of Mo 
without carbonyl ligands, and have been extensively used as entry points to CpMo oxo 
chemistry however, the lack of convenient syntheses of analogous W compounds for 
many years limited the corresponding exploration of the oxo chemistry of mono-
cyclopentadienyl W systems.  
Recent reports of routes to both oxo and halo mono-cyclopentadienyl (and 
substituted cyclopentadienyl) W starting materials [7-13] have, however, drastically 
changed this situation, and there has been rapid development of this area. The oxo 
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chemistry of Mo and W with two cyclopentadienyl ligands is intrinsically more limited 
because of the restricted ligand environment, although Green and co-workers 
discovered routes to the terminal oxo complexes [(η5-C5H5)2M(O)] (M = Mo,W) 
(C.1.1.6.) as early as 1972 [2]. The unusual nature of these materials as sources of 
electron-rich oxo ligands has recently been recognized, and the corresponding oxo 
chemistry of bis-pentamethylcyclopentadienyl tungsten has been explored by Parkin 
and co-workers [14-16].  
High valent molybdenum and tungsten compounds have found important 
applications as catalysts in a variety of industrial processes, mostly related but not 
limited to oxidations processes. High oxidation state tungsten derivatives are often 
found to possess comparable or greater catalytic activity than the molybdenum 
analogues. 
Investigations in this research area have been dedicated to two different classes of 
complexes: either with or without oxido ligands (including ligands such as carbonyl, 
nitrosyl, halides etc.). 
There are two general methods for the synthesis of [Cp2M2(CO)6] (M = Mo, W) 
(C.1.1.7.). Reaction of the metal hexacarbonyl with lithium or sodium 
cyclopentadienide in diglyme or THF followed by oxidation with iron(III) salts gives 
excellent yields for molybdenum and tungsten (90-98 %). The direct thermolysis of the 
cyclopentadiene with W(CO)6 or more commonly [M(CO)3(NCMe)3] (C.1.1.8.) can 
also give good yields under controlled conditions. [Cp2W2(CO)6] (C.1.1.7.) (Figure 
1.1.1. (I)) has also been prepared by thermolysis of [CpW(CO)3(CH2Ph)Cp] (C.1.1.9.), 
with [W2(CO)6(µ-fulvane)] (C.1.1.10) as a by product [17]. Compounds [Cp2M2(CO)4] 
(C.1.1.11.) (Figure 1.1.1.(II)) and their Cp* analogues were also previously known. The 
reactions of [Cp2M2(CO)4] (C.1.1.11.) almost invariably involve addition of two-
electron ligands or one four-electron ligand across the M≡M bond. Carbonylation to 
form [Cp2M2(CO)6] (C.1.1.7.) occurs readily in most cases under 1 atm of CO at room 
temperature [17].  
The tricarbonyl halide can be made by cleavage of [Cp2W2(CO)6] (C.1.1.7.) with 
a halogen or by exposing [CpWH(CO)3] (C.1.1.12.) to CX4 (X = Cl) or other 
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halogenating agents; a one-pot procedure for [CpWCl(CO)3] (C.1.1.13.) (Figure 1.1.2.) 
has been devised [17]. 
 
W
OC
OC CO
W
OC CO
CO
  
W W
CO CO
OCOC  
                     (I)                                                               (II) 
Figure 1.1.1. The structure of (C.1.1.7.) (I) and (C.1.1.11.) (II) 
 
W
ClOC
OC CO  
Figure 1.1.2. The structure of (C.1.1.13) 
 
The only example of monocyclopentadienyl derivatives of W containing only 
alkyls as additional ligands appear to be [Cp*W(CH3)4] (C.1.1.14.) and its one-electron 
oxidation product, [Cp*W(CH3)4]+ (C.1.1.14-1.) (Equation 1.1.1.) [18]. The W(V) 
compounds can also be obtained by direct alkylation of [Cp*WCl4(PMe3)] (C.1.1.15.) 
with ZnMe2 [30]. Starting from [Cp*W(CH3)4] (C.1.1.14.), Schrock and co-workers 
have synthesized a range of complexes with amine, amido, imido and nitrido ligands 
[17].  
 
[Cp*WCl4]2[Cp*W(CO)3Me]
+ Me MgCl+PCl5
- 3CO, -  MeCl [Cp*W(CH3)4]
[ O]
[Cp*W(CH3)4]
+
 
Equation 1.1.1. 
 
Cooper and co-workers have recently reported an example of a cationic terminal 
oxo alkyl complex of tungstenocene [Cp2W(O)(CH3)]+ (C.1.1.16.), and the synthesis 
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and structural characterization of [{Cp2W(CH3)}2(µ-O)]2+ (C.1.1.17.), a symmetrical 
oxo-bridged dimer in which two formally d1 W(V) centers are spin paired through a 
linear oxo bridge [19,20]. 
The chemistry of organometallic tungsten complexes containing oxo ligands, 
started to be an area of high interest in the late 1980’s [8], in particular after the 
developments in the preparation and characterization of diverse organometallic oxo 
complexes such as [(η5-C5R5)ReO3 (R = Me or H) (C.1.1.18.) [21]. The M=O unit is 
especially stable for M = Mo and W and many compounds containing this function can 
be made simply by exposing lower oxidation state complexes to atmospheric oxygen. 
The first examples of high oxidation states cyclopentadienyl oxo tungsten 
organometallics were [(η5-C5H5)WO(C2H4)Me] (C.1.1.19.) (Figure 1.1.3.) and [(η5-
C5H5)W(O)2(CH2SiMe3)] (C.1.1.20.), reported by the Altz and Legzdins groups 
respectively [22,23].  
 
W
O
CH3 CH2
CH2
 
Figure 1.1.3. The structure of [(η5-C5H5)WO(C2H4)Me] (C.1.1.19.) 
 
A large variety of oxo-halides of tungsten has been prepared; most are derived 
from the WVI complexes [CpWX(O)2] (C.1.1.21.I) or the WV species [CpWX2(O)] 
(C.1.1.21-II). [CpWX(O)2] (C.1.1.21-I) compounds and their Cp* analogues are most 
conveniently prepared by air oxidation of [Cp2W2(CO)4] (C.1.1.11.) or related species 
in halogenated solvents [17]. The first synthesis of [Cp*W(O)2Cl] (C.1.1.22.), 
[Cp*2W2O5] (C.1.1.23.), and [Cp*WO2CH2SiMe3] (C.1.1.24.) were reported by Faller 
and Ma in 1988. [Cp*W(O)2Cl] (C.1.1.22.) was obtained by oxidation of the carbonyl 
complex [Cp*W(CO)2]2 (C.1.1.25.) with O2 in chloroform (27% yield) (Equation 
1.1.2.), or from the µ-oxo bridged dimer and PCl5  (excellent yield of 99%) (Equation 
1.1.3.). Treatment of [Cp*W(O)2Cl] (C.1.1.22.) with 1 M Me3SiCH2MgCl in Et2O 
results in clean conversion to [Cp*WO2CH2SiMe3] (C.1.1.24.) (Equation 1.1.4) [8]. 
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[Cp*W(CO)2]2
O
2
i n CHCl
3
W
O
ClO
 
Equation 1.1.2. 
 
W
O
ClO
W
O
O
W
O
O
O
PCl
5
i n CS
2
+ POCl32
Equation 1.1.3. 
 
W
O
ClO
1 M Me
3
Si CH
2
 MgCl
i n Et
2
O W
O
CH2SiMe3O
 
Equation 1.1.4. 
 
In 1993, Geoffroy and co-workers reported an alternative synthetic pathway, 
starting from [Cp*WCl4] (C.1.1.26). In the presence of aqueous NaOH and air, 
[Cp*WCl4] undergoes hydrolysis and oxidation to form [Cp*W(O)2Cl] (C.1.1.22.) (44 
% yield) (Equation 1.1.5.). When air is excluded, two W(V) intermediates were detected 
in the above reaction for which spectroscopic evidence indicates the formulations 
[Cp*WCl3(OH)] (C.1.1.27.) and [Cp*WCl2(OH)2] (C.1.1.28.). The mechanism 
proposed to account for the formation of [Cp*W(O)2Cl] (C.1.1.22.) is shown in Scheme 
1.1.1. and involves stepwise hydrolysis of the tungsten-chloride bonds along with air 
oxidation of W(V) to W(VI) [24]. 
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W
O
ClO
Cp*WCl4 + 3 NaOH (aq)
air
CH
2
Cl
2 22 ° C, 1 hour
+ 3 NaCl
 
Equation 1.1.5. 
 
Cp*WCl4
+ NaOH (aq)
- W
OH
Cl Cl
Cl
+ NaOH (aq)
-
NaCl
W
OH
OH Cl
Cl
Air
-[ H]
W
O Cl
ClOH
 - HCl
W
O
ClO
NaCl
i n CH
2
Cl
2
 
 
Scheme 1.1.1. The proposed mechanism for the formation of [Cp*W(O)2Cl] (C.1.1.22.) 
 
Geoffroy and co-workers also previously described the preparation of the anionic 
trioxo complex [Cp*WO3]- (C.1.1.29.) and have shown that the oxo ligands of this 
complex are highly nucleophilic and readily add to variety of organic substrates. As 
noted above, [Cp*WCl4] (C.1.1.26.) reacts with aqueous NaOH to give, after air 
oxidation, the chloro complex [Cp*W(O)2Cl] (C.1.1.22.). A different result was 
obtained using the base tBuNH2 in the presence of water. This reaction led to formation 
of the anionic trioxo complex, which was isolated as its tBuNH3+ salt, 
[tBuNH3][Cp*WO3] (C.1.1.30.) (Equation1.1.6.) [24]. 
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W
O
OO
Cp*WCl4 + 5 tBuNH2 + 4 [tBuNH3]Cl+ 3 H2O
air
CH
2
Cl
2-[ H]
[tBuNH3]
+
 
Equation 1.1.6. 
 
The trioxo complex was also cleanly produced by a similar reaction of the µ-oxo 
compound [Cp*2W2O5] (C.1.1.23.) with aqueous tBuNH2 (Scheme 1.1.2.) [24]. 
 
W
O
O
W
O
O
O
tBuNH2 / H2O
W
O
ClO
- [tBuNH3]
tBuNH2 / H2O
- [tBuNH3]Cl
+
+
[Cp*WO3]
W
O
OHO
tBuNH2 / H2O+
W
O
OO
+
[tBuNH3]
-H2O
Scheme 1.1.2. Synthetic pathway of [tBuNH3][Cp*WO3] 
 
The trioxo anions [Cp*WO3]- and the molybdenum analogue are useful reagents 
for the formation of µ-oxo complexes. The anionic nature of these complexes should 
also render them sufficiently nucleophilic to displace halides and neutral ligands from 
other metal centers to form heterometallic oxo-bridged complexes. Such compounds are 
important because of the variety of mixed-metal oxides that have found catalytic 
applications in numerous reactions, including several of commercial importance. The 
“bridge-assisted” synthetic method has proven to be one of the most flexible routes to 
heterometallic complexes with bridging ligands of all sorts. For oxo complexes, this 
method involves the addition of a complex with a nucleophilic M=O functional group to 
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a second complex having an open coordination site for the oxo ligand to bind or having 
another ligand that can be easily displaced by the oxo group (Equation 1.1.7.) [25].  
 
M OLn M'L'x Ln M
O
M'Lx-1 ++ L' 
Equation 1.1.7. 
 
Several heterometallic and homometallic µ2-oxo complexes have been prepared 
by this method as illustrated in Equation 1.1.7. in Geoffroy’s laboratory. For example, 
these trioxo anions react with [Cp*M(O)2Cl] (M = Mo, W) (C.1.1.31.) to form the 
known homometallic µ-oxo complexes [Cp*(O)2M-O-M(O)2Cp*] (C.1.1.32.) along 
with the heterometallic complex [Cp*(O)2Mo-O-W(O)2Cp*] (C.1.1.33.). The latter 
readily formed upon treatment of [Cp*WO3]- (C.1.1.29.) with [Cp*Mo(O)2Cl] 
(C.1.1.34.) and also by the reverse combination of [Cp*MoO3]- (C.1.1.35.) with 
[Cp*W(O)2Cl] (C.1.1.22.) (Scheme 1.1.3.). However in both reactions the homometallic 
complexes [Cp*2W2O5] (C.1.1.23.) and [Cp*2Mo2O5] (C.1.1.36.) were also produced. 
The reaction with Group 4 [Cp2M’Cl2] (C.1.1.37.) complexes led to the heterobimetallic 
complexes [Cp2M’(Cl)-O-M(O)2Cp*] (M’ = Ti, Zr, M = Mo, W) (C.1.1.38.). 
 
W
O
OO
+
[tBuNH3]
Mo
O
ClO
+
W
O
ClO
+
Mo
O
OO
+
[tBuNH3]
W
O O
O
Mo
O O
+
 
Scheme 1.1.3. Synthetic pathway leading to [Cp*(O)2Mo-O-W(O)2Cp*] (C.1.1.33). 
[{Cp*W(O)2}2(µ-O)], [{Cp*Mo(O)2}2(µ-O)]  
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Compound [Cp*2W2O5] (C.1.1.23.) has first been obtained from the carbonyl 
dimer [Cp*W(CO)2]2 (C.1.1.25.) by Faller and Ma (Equation 1.1.8.) [8]. Low yields (14 
%) were obtained by oxidation with oxygen in benzene. 
 
[Cp*W(CO)2]2 Cp*2W2O5
O
2
Benzene
 
Equation 1.1.8. 
 
An alternative hydrolytic approach by protonolysis of [Cp*W(NtBu)2Cl] 
(C.1.1.39.) with aqueous HCl was reported by Sundermeyer in 1992 [26]. The synthesis 
affords the final pentaoxo complex in high yields (81%). However, this procedure 
requires a preliminary synthetic effort to access the starting material (two-steps from 
commercially available starting materials) and the sacrificial use of tBuNCO. This key 
dinuclear compound is easily converted into the organotungstate salt NBu4[Cp*WO3] 
(C.1.1.40.) by cleavage of the W-O-W bridge with NBu4[OH] (Scheme 1.1.4.).  
 
W
tBuN
CltBuN
W
O
OO
+
[tBu4N]
excess HCl
W
O
O
W
O
O
O
OH-
 
Scheme 1.1.4. Protonolysis of [Cp*W(NtBu)2Cl] (C.1.1.39.) and cleavage of the W-O-
W bridge with NBu4[OH] 
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Using a different strategy, basic (NaOH) hydrolysis of [Cp*WCl4] (C.1.1.26.) in 
air yields the product in two-steps via the [Cp*WO2Cl] (C.1.1.41.) intermediate, in 
reported yields of 44% [24]. The alternative hydrolysis using tBuNH2 yields the same 
final product in two-steps via the [tBuNH3][Cp*WO3] (C.1.1.30.) intermediate, in yields 
of 80%. [tBuNH3][Cp*WO3] (C.1.1.30.) was also observed to react with aqueous acetic 
acid (2 M) to give near quantitative formation of the binuclear µ-oxo complex 
[Cp*2W2O5] (C.1.1.23.) (Scheme 1.1.5.) [24].  
 
2Cp*WCl4
 tBuNH2
H2O
air
W
O
OO
+
[tBuNH3]
2 M CH
3
COOH
2 2 Mo
O
OHO
H2O-
W
O
O
W
O
O
O
 
Scheme 1.1.5. Synthetic pathway of [Cp*2W2O5] (C.1.1.23.) 
 
Our current studies of the Cp*WVI aqueous chemistry has required the frequent 
preparation of compound [Cp*2W2O5] (C.1.1.23.) in substantial amounts. An improved 
synthesis of [Cp*2W2O5] (C.1.1.23.) was reported by Dinoi and co-workers in 2007, 
consisting of only three steps from commercially available [W(CO)6] [27]. This 
synthesis is summarized in Scheme 1.1.6 and the structure of the product is shown in 
Figure 1.1.4.  
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W(CO)6 Na[Cp*W(CO)3] [Cp*W(CO)3Me]
PhICl2
Cp*WCl4
Na[Cp*WO3]
tBuNH2[Cp*WO3]
+
[tBuNH3]
CH3COOHCp*2W2O5
tBuOOH 
CH3COOH
Cp*2W2O5
Cp*Na+
THF, MeI
H
2
O/ CH
2
Cl
2
H
2
O / CH
2
Cl
2
 THF
or PCl5
 
Scheme 1.1.6. The improved synthesis of [Cp*2W2O5] (C.1.1.23.) 
 
 
 
Figure 1.1.4. ORTEP view of compound [Cp*2W2O5] (C.1.1.23.) 
 
 
 
1.2. High Oxidation State Cyclopentadienyl (C5R5, R= H, Me) Tungsten 
Complexes: Sulfur Chemistry and Reactions with Mercaptocarboxylic Acids 
 
In the chemistry of transition metal complexes, cyclopentadienyl ligand systems 
with additional donor atom are attracting a lot of interest. In these complexes, the 
cyclopentadienyl ligand is known to stabilize metal fragments in both low and high 
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oxidation states and is usually considered as substitutionally inert. The effect of 
additional ligands, however, strongly depends on the nature of the metal and donor 
group. Hemilability is expected in compounds where a soft donor, such as thio group, 
interacts with a hard transition metal in high oxidation states [28].  
The past 20 years have seen an intense and wide-ranging chemical investigation 
of compounds in which transition-metal centres are exposed to a sulfur environment. 
Though some of these studies were aimed at establishing metal–sulfur compounds as 
convenient synthons for the construction of clusters of high nuclearity, most have been 
prompted by the need for a better understanding of key biological and catalytic 
processes. Transition metal complexes with sulfide, thiolate, or thioether ligands have 
long been regarded as models for the sulfur-rich metal centres of the metalloenzymes 
involved in the nitrogen cycle (nitrogenases, nitrate reductase) or for the species 
involved in catalytic processes of industrial importance, such as desulfurization. The 
search for functional models of the active centre in nitrogenase has contributed much to 
the development of the chemistry of complexes in which molybdenum, tungsten, 
vanadium or iron atoms are associated with sulfur ligands [29].  
Organotungsten complexes bearing sulfur donor ligands have attracted interest in 
recent years. Numerous thiol-substituted Cp*Mo complexes have been reported so far 
in the literature but the tungsten analogues are much less well documented. 
As part of our study on the reactions of [W2Cp*2O5] (C.1.1.23.) with 
mercaptocarboxylic acids (mercaptopropionic acid and thioglycolic acid), we describe 
here the synthesis and characterization of [Cp*WO2(SCH2CH2COOH)] (C.1.2.1.), the 
first reported structure where tungsten is surrounded by a “CpO2(SR)” ligand set.  
 
1.2.1. Cyclopentadienyl Tungsten Complexes with Sulfur and/or Thiols  
Metal-sulfur centers play an important role in the activity of metalloproteins in 
enzymatic catalysis and the activity of metal sulfides as heterogeneous catalysts. The 
systematic search for M-S model compounds led to the discovery of interesting and 
novel structural chemistry, which stems from the numerous coordination possibilities of 
sulfur ligands. The cyclopentadienyl ligand combines inertness towards addition or 
substitution reactions with steroeochemical compactness and ability to bond with 
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transition metals in a wide variety of oxidation states and ligand environments. Reactive 
cyclopentadienyl-transition metal fragments incorporate elemental sulfur to give 
polynuclear sulfur-rich complexes, which can include either mono-, di- or polysulfido 
ligands or the combination of several such ligands [30].  
Organotungsten complexes supported by sulfur-donor ligands have attracted 
continuous interest in recent years. These complexes with sulfur ligand are accessible 
by several routes. The preparation and characterization of [CpW(CO)3SH] (C.1.2.2.) 
have been reported by several groups [31-34]. Hermann and co-workers have reported 
hydrogen chalcogenido complexes of general formula [(η5-C5R5)(CO)3M(EH)] (R = H, 
Me; M = Mo,W, Cr; E = S, Se) (C.1.2.3.) These complexes were obtained by three 
different routes, in quite good yields. One of the tungsten sulfur complexes, 
[CpW(SH)(CO)3] (C.1.2.2.), was made by the reaction of [CpWH(CO)3] (C.1.1.12.) 
with sulfur [31-32]. 
 
W
OC
OC
SH
CO
W
OC
OC CO
S SR
W
OC
OC CO
S S SR
W
OC
OC CO
S SR
O
+R
Sph
th
+RSphth
O
RSSphth+
 
 
Scheme 1.2.1. The reactions of [CpW(SH)(CO)3] with RSphth, RSSphth, RS(O)phth, 
(phth=N-phthalimido). 
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The alkylpolysulfido complexes [CpW(SSR)(CO)3] (C.1.2.4.), 
[CpW(SSSR)(CO)3] (C.1.2.5.), or [CpW{SS(O)R}(CO)3] (R = CH2C6H5 and p-
C6H4CH3) (C.1.2.6.) were prepared by Shaver and co-workers by treatment of 
[CpW(SH)(CO)3] (C.1.2.2.) with RSphth, RSSphth, RS(O)phth, respectively, where 
phth = N-phthalimido (Scheme 1.2.1.) [35-36].  
Abrahamson and co-workers reported that the oxidation of tungsten thiolates 
[CpW(SR)(CO)3] (R = aryl) (C.1.2.7.) by m-chloroperoxybenzoic acid gives the 
corresponding sulfinato complexes [CpW{S(O)2R}(CO)3] (C.1.2.8.). The yields of 
these products were excellent and the syntheses of pure products from the original 
tricarbonyl thiolate complex generally required less than 3 hours [37]. 
The [CpW(SR)(CO)3] (C.1.2.7.) complexes are less prone to dimerization than 
their molybdenum analogues. The approach mainly developed by Haller and Nakagaki 
involves the reaction of [CpW(CO)3]- (C.1.2.9.) with organic disulfides (R2S2  R = Ph, 
Me, CF3) or (phthalimido)SR, producing stable and isolable complexes [38, 39]. 
Photolysis of metal-metal bonded carbonyl dimers is known to produce reactive 
metal carbonyl radicals. These photo-generated radicals react with organic disulfides to 
produce metal carbonyl thiolate complexes (Equation 1.2.1.) (M = Mo, W). Reactions 
of metal carbonyl dimers with organic disulfides can also form metal thiolate complexes 
via thermal routes. 
 
Cp*2M2(CO)6 RSSR 2Cp*(CO)3MSR+
hν
 
Equation 1.2.1. 
 
Abrahamson and co-workers reported a detailed investigation of the 
photochemical and thermal reactivity of mononuclear tungsten carbonyl complexes 
containing monodentate thiolate ligands. The photochemical reaction of [Cp2W2(CO)6] 
(C.1.1.7.) with the organic disulfides, using visible irradiation, formed [CpW(SR)(CO)3] 
(C.1.2.7.) (R = 2-pyridyl, 2-benzothiazolyl) [40]. Treatment of [CpW(SMe)(CO)3] 
(C.1.2.10.) or [Cp2W2(CO)6] (C.1.1.7.) with [Me2SSMe][BF4] produces 
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[CpW(CO)3(S2Me2)]+ (C.1.2.11.) , which undergoes a rapid exchange process with free 
thiolate [41-43]. The cycloaddition of [CpW(SR1)(CO)3] (R1 = Me, Et) (C. 1.2.12.) with 
electron deficient alkynes (R2C≡CR2 where R2 = CF3, CO2Me, CN) yields 
[CpW(CO)2(SR1CR2=CR2CO)] (C.1.2.13.) , which subsequently undergoes a series of 
isomerizations of the organic ligand [44, 45]. 
[Cp2W2(S)2(µ-S)2] (C.1.2.14.) reacts with acetylene to give the µ-dithiolene 
complex [Cp2W2(µ-SCH=CHS)2] (C.1.2.15.) (Equation 1.2.2.) but the chelating 
dithiolene complexes [Cp2W2(S)(µ-S)2(SCH=CHS)] (C.1.2.16.) and [Cp2W2(µ-
S)2(SCH=CHS)2] (C.1.2.17.) are also formed; the analogous SCH2CH2S species are 
available from the reaction of [CpWH(CO)3] (C.1.1.12.) with ethylene sulfide [46]. 
 
CpW
S
WCp
S
S S
WW
S
S
S
S
CH CH
 
Equation 1.2.2. 
 
The reaction of [CpWH(CO)3] (C.1.1.12.) with S(NMe2)2 produces 
[{CpW(CO)3}2(µ-S)] (C.1.2.18.), which reacts with CH2N2 to give the 
thioformaldehyde complex [Cp2W2(CO)4(µ-SCH2)] (C.1.2.19.) [47]. 
Prolonged treatment of [CpWH(CO)3] (C.1.1.12.) with SO2 also gives 
[{CpW(CO)3}2(µ-S)] (C.1.2.18.), together with [{CpW(CO)2}2(µ-SSO2)2] (C.1.2.20.); 
under milder conditions [CpW(SO2H)(CO)3] (C.1.2.21.)  and [{CpW(CO)3}2(µ-S2O4)] 
(C.1.2.22.) can also be isolated [48, 49]. 
A similar insertion reaction of RıN=S=O and RıN=S=NR2 (Rı = aryl, R2= 
SO2aryl) has been reported [50]. Low yields of the complexes [Cp2W2(=E)2(µ-S)2] (E = 
N-TMS, S or O) (C.1.2.23.) were formed in the reaction of [Cp2W2(CO)6] (C.1.1.7.) of 
[CpW(Cl)(CO)3] (C.1.2.24.) with S(=N-TMS)2 [51]. The synthesis of 
[{CpW(CO)3}2(µ-S2)] (C.1.2.25.) has also been reported [52] and a compound 
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containing an unsupported WSZr unit, [CpW(CO)2(PMe3)(µ-S)ZrClCp2] (C.1.2.26.), 
has also been prepared by reacting [CpW(CO)2(PMe3)]- (C.1.2.27.) with [Cp2ZrCl2] 
(C.1.2.28.) and propene sulfide [53]. 
Conversion of [CpW(SR)(CO)3] (C.1.2.7.) into first [Cp2W2(CO)4(µ-SR)2] 
(C.1.2.29.) and then [Cp2W2(CO)2(µ-SR)2] (C.1.2.30.) can be carried out 
photochemically or thermally, with the CO lability depending on R [54]. For example, 
warming [CpW(SPri)(CO)2(PPh3)] (C.1.2.31.) in THF gives the tetracarbonyl dimer, 
and extended refluxing gives the dicarbonyl [55]. As in the molybdenum analogue, the 
structures show folded and planar W2S2 cores, respectively; unlike the molybdenum 
analogue, however, the Cp ligands in the tetracarbonyl dimer adopt a relative cis 
arrangement. 
 
1.2.2. Pentamethyl Cyclopentadienyl Tungsten Complexes with Sulfur and/or 
Thiols  
 
The chemistry of dinuclear cyclopentadienyl molybdenum sulfur complexes has 
undergone a rapid expansion since the early 1980s, largely due to the groups of 
Rakowski Dubois, Curtis and Wachter [56-58]. The impetus for much of this research 
has been the possibility that dinuclear complexes might model the processes occuring 
on heterogeneous molybdenum sulfide catalyst during the desulfurization of crude oil. 
However, tungsten-sulfur chemistry is less well documented than that of molybdenum. 
Reaction of [Cp*2W2(CO)4] (C.1.2.32.) with sulfur gives the unsymmetrical complex 
[Cp*2W2(µ-S)2(S)(CO)2] (C.1.2.33.) (Figure 1.2.1-I), which on further reaction 
produces two isomers of [Cp*2W2S4] (C.1.2.34.) (Figure 1.2.1-II,III) [59, 60]. 
The reaction of H2S with the Cp*WCl4 (C.1.1.26.) complex was examined by 
Geoffrey and co-workers in an attempt to prepare known binuclear sulfido complexes 
[Cp*W(S)]2(µ-S)2 (C.1.2.35.) (Yield 40%) and [Cp*W(S)]2(µ-S2) (C.1.2.36.) (Yield 
12%) (Equation 1.2.3.) [24].  
However, the presence of base significantly influences the reaction with H2S. For 
the reaction of Cp*WCl4 (C.1.1.26.) with H2S, the presence of Et3N gave low yields of 
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binuclear sulfido complexes, but also low isolated yields of trisulfido (12%) and 
disulfido-oxo (6%) salts (Equation 1.2.4.) [24]. 
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  II       III 
Figure 1.2.1. The structure of [Cp*2W2(µ-S)2(S)(CO)2] (I) (C.1.2.33.) and two isomers 
of [Cp*2W2S4] (II,III) (C.1.2.34.) 
 
Cp*WCl4 + H2S
air
CH
2
Cl
2 W
W
S
S
S
S
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W
S
W
S
S
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Equation 1.2.3. 
 
Cp*WCl4 + H2S/Et3N
air
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2
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2
W
S
S
S
[Et3NH]
+
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S
S
O
[Et3NH]
+
 
Equation 1.2.4. 
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The best synthetic procedures leading to sulfido derivatives involve the use of 
reagents containing S–S or S–C bonds and anhydrous conditions. A series of 
mononuclear thio complexes of pentamethylcyclopentadienyltungsten(VI) have been 
synthesized via C−S bond-cleaving reactions of thiolates by Tatsumi and co-workers. 
Use of Li2S2 for sulfurization of Cp*WCl4 (C.1.1.26.) resulted in dinuclear complex, 
anti-Cp*2W2(S)2(μ-S)2 (C.1.2.35.) and (PPh4)[Cp*W(S)3] (C.1.2.37.), the latter of 
which was isolated after the subsequent cation exchange reaction with PPh4Br. The 
reaction of [Cp*WCl4] (C.1.1.26.) with Li2S2 is shown in Scheme 1.2.2. [61].  
 
+ W
S
S
S
Li(THF)
+
W
ClCl
Cl Cl
+
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2
S
2
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W
S
S
S
PPh4
 
Scheme 1.2.2.Synthetic pathway to (PPh4)[Cp*W(S)3] (C.1.2.37.) 
 
In contrast, the reaction of Cp*WCl4 (C.1.1.26.) with Li2edt (edt = SCH2CH2S) 
followed by treatment with PPh4Br generated (PPh4)[Cp*W(S)3] (C.1.2.37.) as the sole 
isolable product in high yield (Equation 1.2.5.) 
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W
ClCl
Cl Cl
Li2edt
PPh4Br
THF
+
W
S
S
S
PPh4
 
Equation 1.2.5. 
 
The use of Li2S2 would seem more appropriate to obtain the W(V) product by 
direct ligand exchange, but this reaction produced in fact an inseparable mixture 
containing ill-defined compounds. The best method to synthesize the dinuclear W(V) 
product uncontaminated by the trisulfido W(VI) product is to react [Cp*WCl4] 
(C.1.1.26.) with LiStBu in THF and wait several hours at room temperature. This 
reaction afforded [Cp*W(S)2(StBu)] (C.1.2.38.), which turned out to be thermally 
unstable in solution and gradually degraded to anti-Cp*2W2(S)2(μ-S)2 (C.1.2.35.) 
(Scheme 1.2.3.). Also in the same study the trithio complex, (PPh4)[Cp*W(S)3] 
(C.1.2.37.) reacted very cleanly with PhC CPh generating monomeric 
(PPh4)[Cp*W(S)(S2C2Ph2)] (C.1.2.39.). In these reactions of [Cp*WCl4] (C.1.1.26.) 
with lithium thiolates, a facile C−S bond cleavage took place and the tungsten atom was 
oxidized from W(V) to W(VI) [61]. The collective results shown from the studies of 
Tatsumi and co-workers highlight the stability of W systems in higher oxidation states.  
 
W
ClCl
Cl Cl
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S
S
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Scheme 1.2.3. The reaction of [Cp*WCl4] (C.1.1.26.) with LiStBu and formation of 
unstable [Cp*W(S)2(StBu)] (C.1.2.38.) 
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1.2.3. Cyclopentadienyl Molybdenum Sulfur Chemistry:   
Reduction of [Cp*2Mo2O5] by Mercaptocarboxylic acids 
 
In this section, previous work carried out by the Poli-Demirhan collaboration on 
the interaction between [Cp*2Mo2O5] (C.1.1.36.) and mercaptocarboxylic acids will be 
recalled. These results will be relevant in comparison with the new work carried out in 
this thesis and which is presented in the subsequent section. Sulfur donor ligands have 
attracted much attention in recent years because of their flexible coordination ability, 
which leads to the formation of a variety of mono- and polynuclear metal–sulfur 
structures. Transition metal–sulfur chemistry is of immense industrial, technological 
and biological importance [62-64]. In biology, many important metal–sulfur enzymes 
and electron transfer proteins incorporate a wide range of metals (V, Fe, Ni, Cu, Zn, Mo 
and W) and sulfur-containing ligands or moieties; the latter include the amino acids 
cysteine (a thiolate) and methionine (a thioether), sulfide, hydrosulfide, polysulfides, 
sulfur radicals, and dithiolenes [65].  
Although this area is widely explored for low-valent systems, usually upon 
appending hydrophilic functionalities to the ligand periphery in order to increase 
solubility in an aqueous environment [66-68], studies of high oxidation organometallics 
are still rather scarce [39]. For redox-active metals, these studies are particularly 
interesting as they may open the way to electrocatalytic applications [69]. Our group 
has reported the result of the interaction between compound [Cp*2Mo2O5] (C.1.1.36.) 
and mercaptoacetic (or thioglycolic) acid, HSCH2COOH, which resulted in the isolation 
and characterization of the dinuclear Mo(IV) product [Cp*2Mo2(µ-S)(µ-SCH2COO)2] 
(C.1.2.40). In this reaction, the mercaptoacetic acid exerts three simultaneous functions: 
reducing agent, ligand, and substrate for the reductive cleavage of the S–C bond 
(leading to the incorporation of the sulfur atom in the isolated product as a bridging 
sulfido ligand) [70]. This phenomenon, which is common to other Mo-mediated C–S 
bond cleavage reactions [71-76], mimics a step of the hydrodesulfurization process, 
which is in fact typically catalyzed by molybdenum–sulfur compounds [77-79].  
Compound [Cp*2Mo2O5] (C.1.1.36.) reacts with thioglycolic acid, HSCH2COOH, 
in an acidic (CF3COOH) mixed water–methanol solvent, to yield compound 
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[{Cp*Mo(µ-SCH2CO2)}2(µ-S)] (C.1.2.40.) (Equation 1.2.6.). During this reaction, the 
thioglycolic acid acts as a reducing agent, as a ligand, and provides a sulfide ion for the 
Mo–S–Mo bridge. The compound is produced by the direct interaction, without any 
reducing agent, of thioglycolic acid, HSCH2COOH, with [Cp*2Mo2O5] (C.1.1.36.), in a 
strongly acidic (CF3COOH) mixed MeOH/water solvent. The product is a dinuclear 
complex in which the two metal atoms have the formal oxidation state IV. Therefore, a 
first role of the thioglycolic acid is as a reducing agent, changing the metal oxidation 
state from VI to IV. It is well known that thiols can act as one-electron reducing agents, 
being in turn oxidized to disulfide derivatives. The ORTEP wiev of [{Cp*Mo(µ-
SCH2COO)}2(µ-S)] (C.1.2.40.) is given in Figure 1.2.2. [70] 
 
Cp*2Mo2O5 + SHCH2COOH
CF
3
COOH
MeOH / H
2
O
 
Equation 1.2.6. 
 
 
Figure 1.2.2. An ORTEP view of the [{Cp*Mo(µ-SCH2COO)}2(µ-S)] (C.1.2.40.) 
molecule.  
 
[{Cp*Mo(µ-SCH2COO)}2(µ-S)] 
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The reaction between [Cp*2Mo2O5] (C.1.1.36.) and HSCH2CH2COOH 
qualitatively appeared to follow the same course as the previously described reaction 
with the related substrate HSCH2COOH under identical experimental conditions. 
Reaction of [Cp*2Mo2O5] (C.1.1.36.) with HSCH2CH2COOH in acidic (by CF3COOH) 
50:50 MeOH–H2O solvent at room temperature yields compound [Cp*2Mo2(µ-O)(µ-
SCH2CH2CO2)2] (C.1.2.41.) (Equation 1.2.7.). [88]. The ORTEP view of [Cp*2Mo2(µ-
O)(µ-SCH2CH2COO)2] (C.1.2.41.) is given in Figure 1.2.3. 
 
Cp*2Mo2O5 + SHCH2CH2COOH
CF
3
COOH
MeOH / H
2
O
 
Equation 1.2.7. 
 
 
Figure 1.2.3. The ORTEP wiev of [Cp*2Mo2(µ-O) (µ-SCH2CH2COO)2] (C.1.2.41.) 
 
 
The interaction of [Cp*2Mo2O5] (C.1.1.36.) with HSCH2CH2COOH in an aqueous 
environment at room temperature quite readily leads to reduction to Mo(IV) with 
incorporation of the doubly deprotonated substrate as a ligand, but contrary to the 
previously reported process with the closely related HSCH2COOH substrate, a C–S 
bond cleavage does not occur. This difference relates to a previously established more 
[Cp*2Mo2(µ-O)(µ-SCH2CH2COO)2] 
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facile hydrodesulfurization of mercaptoacetic acid with respect to mercaptopropionic 
acid and to simpler alkylthiols.  
The new work carried out in this thesis and described in the next section consists 
of the extension of this investigation to the tungsten system [Cp*2W2O5] (C.1.1.23.). 
This is a relevant investigation because the bioinorganic chemistry of WVI with sulphur 
donor ligands is also of interest [80]. 
 
1.3. Reaction of [Cp*2W2O5] with Mercaptocarboxylic acids 
 
The reaction between [Cp*2W2O5] (C.1.1.23.) and HSCH2CH2COOH proceeded 
as shown in Scheme 1.3.1. The product was isolated in good yields from the reaction 
run in methanol. It was characterized by NMR spectroscopy, elemental analysis, and by 
an X-ray structural study on a single crystal. However, a 1H NMR monitoring of the 
reaction in CD3OD showed an incomplete conversion (Figure 1.3.1.). The spectrum of 
the free thiol, Figure 1.3.1.(I), shows the COOH proton position averaged with that of 
the solvent by fast exchange. The immediate NMR analysis after mixing yields 
spectrum (II), featuring essentially the mixture of the two reagents (Cp* resonance of 
[Cp*2W2O5] (C.1.1.23.) at δ 2.19), although the presence of small quantities of the 
product are already evidenced by a small triplet at δ 3.46. Formation of the reaction 
product occurs slowly and equilibrium is achieved with incomplete conversion within 
24 hours. The spectrum obtained after 4 h, (III) in Figure 1.3.1., is already close to the 
final one. The conversion at equilibrium is ca. 64%. 
 
 
 
 
 
 
Scheme 1.3.1. The reaction of [Cp*2W2O5] (C.1.1.23.) with HSCH2CH2COOH 
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Figure 1.3.1. 1H NMR monitoring of the reaction between [Cp*2W2O5] (C.1.1.23.) and 
HSCH2CH2COOH in CD3OD at room temperature: (I) free HSCH2CH2COOH before 
addition of [Cp*2W2O5] (C.1.1.23.); (II) Immediately after [Cp*2W2O5] (C.1.1.23.) 
addition; (III) after 4 hours. Refer to Scheme 1.3.1. for the peak assignments; s = 
solvent CHD2 resonance; * = unknown impurity in [Cp*2W2O5] (C.1.1.23.). 
 
A similar NMR monitoring was also carried out in CDCl3, where an equilibrium 
conversion of ca. 40% was reached in 3 days. This shows a slight solvent effect both on 
the kinetics and the thermodynamics of the reaction. The reaction is a bit slower and the 
equilibrium slightly less displaced toward the product in CDCl3. The isolation of the 
pure product during the synthesis in MeOH in ca. 80% yield may be attributed to the 
less hydrated nature of the solvent relative to the CD3OD used in the NMR experiment. 
In order to displace the equilibrium toward the product, anhydrous Na2SO4 was added 
to the reaction mixture in CH2Cl2. Indeed, a complete conversion could be achieved 
under these conditions according to NMR. Subsequent addition of water to the solution 
after filtration of Na2SO4 slowly regenerated the starting materials (Figure 1.3.2.). It is 
important to underline that the solution color during all these manipulation remained 
pale yellow, consistent with the fact that the metal maintains its d0 configuration for the 
oxidation state +6. During the analogous reaction of the Mo congener, on the other 
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hand, the metal reduction to Mo(IV) (see previous section) was accompanied by a color 
change to deep red [27]. 
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Figure 1.3.2. 1H NMR spectra of compound [CpWO2(SCH2CH2COOH)] (C.1.2.1.) in 
CDCl3: (I) anhydrous solution; (II) immediately after addition of D2O; (III) 24 h after 
addition of D2O. Refer to Scheme 3.4.1 for the peak assignments. 
 
The NMR characterization of the isolated compound is fully consistent with the 
mononuclear formula proposed in Scheme 1.3.1. and with a symmetric arrangement of 
the SCH2CH2COOH ligand, as shown by the equivalence of each geminal pair of 
methylene H atoms, which give rise to mutual coupling as two triplets in the 1H NMR. 
The SCH2 protons are downfield shifted upon coordination by almost 1 ppm relative to 
the free substrate, whereas the CH2COO protons are nearly unaffected, in agreement 
with the proposed coordination of only one of the two functions. The two corresponding 
13C NMR resonances are observed at δ 34.9 and 31.9. The substrate binding via the S 
function, rather than via the COO function, is suggested by the loss, upon coordination, 
of the SH resonance. This resonance is clearly discernible for the free substrate in 
CD3OD as well as in CDCl3, indicating slow exchange with methanol. Hence, if the SH 
function would remain intact in the product, its resonance should still be visible. The 
carboxylic acid function, on the other hand, exchanges rapidly with CD3OD and hence 
no positive information can be obtained from 1H NMR about its presence in the product. 
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Final confirmation of the binding mode was obtained from the X-ray study, (Figure 
1.3.3.). Besides this confirmation, the most interesting structural feature is the presence 
of an intermolecular H-bond between the carboxylic acid of one molecule and atom O2 
of a second molecule, building infinite zig-zag chains parallel to the a axis. This is also 
reflected in the fact that the W-O2 bond is slightly longer than the W-O1 bond. 
According to the Cambridge Data Base, this is the first reported structure where W is 
surrounded by a “CpO2(SR)” ligand set, whereas only one is available for molybdenum, 
[Cp*MoO2(StBu)] (C.1.2.42.) [61]. The CpWO2X structure has been previously 
reported for crystallographically characterized compounds only with O-based or C-
based X ligands.  
 
Figure 1.3.3. An ORTEP view of the [Cp*WO2(SCH2CH2COOH)] (C.1.2.1.) molecule 
with the numbering scheme used. The ellipsoids are drawn at the 50% probability level. 
Relevant distances (Å): W-CNT (Cp* ring centroid), 2.094(4); W-S1, 2.3476(15); W-
O1, 1.723(4); W-O2, 1.734(2); C3-O31, 1.319(7); C3-O32, 1.208(6). Relevant angles 
(°): CNT-W-S1, 105.8(6); CNT-W-O1, 119.5(6); CNT-W-O2, 116.22(10); S-WO1, 
103.78(15); S-W-O2, 103.42(18); O1-W-O2, 106.3(2). H-bonding interaction[O(31)-
H(31)···O(2)i]: D-H, 0.82; H···A, 1.86; D···A, 2.670(4); D-H···A, 167.6. 
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Table 1.3.1. Selected crystallographic and refinement parameters for compound 
[Cp*WO2(SCH2CH2COOH)] (C.1.1.42.). 
Identification code  [Cp*WO2(SCH2CH2COOH)] 
Empirical formula  C13H20O4SW 
Formula weight  456.20 
Temperature  180(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P n a 21 
Unit cell dimensions  
 
a = 15.223(3) Å α= 90°.  
b = 8.8749(18) Å β= 90°. 
c = 11.337(2) Å γ = 90°. 
Volume  1531.6(5) Å3 
Z  4 
Density (calculated)  1.978 Mg/m3 
Absorption coefficient  7.685 mm-1 
F(000)  880 
Crystal size  0.462 x 0.318 x 0.231 mm3 
Theta range for data collection  2.66 to 30.03°. 
Index ranges  -21≤h≤21, -12≤k≤8, -15≤l≤15 
Reflections collected  14.393 
Independent reflections  4444 [R(int) = 0.0323] 
Completeness to theta = 30.00° 99.5 % 
Absorption correction  Semi-empirical from equivalents 
Max. and min. transmission  1.0 and 0.28413 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters  4444 / 1 / 179 
Goodness-of-fit on F2 1.026 
Final R indices [I>2σ(I)] R1 = 0.0254, wR2 = 0.0583 
R indices (all data)  R1 = 0.0316, wR2 = 0.0612 
Absolute structure parameter  0.25(1) 
Largest diff. peak and hole  2.410 and -2.113 e.Å-3 
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The W=O distances observed for [Cp*WO2(SCH2CH2COOH)] (C.1.2.1.) are as 
expected (average of 1.74(2) Å for the 38 previously reported CpWO2X structures). The 
W-S distance is quite short compared to other distances in WVIO2(SR) compounds, e.g. 
2.440(5) and 2.464(5) Å in [WO2(SPh)2(terpy)] (C.1.2.43.) [81], 2.405(4) and 2.434(4) 
Å in [WO2(SCPh2COO)2]2- (C.1.2.44.) [82], 2.419(2) and 2.422(2) for the cis S donors 
in [WO2(S2C2Me2)2]2- (C.1.2.45.) [83] and 2.426(4) Å for the cis S donors in [WO2{2,3-
S2-1,4-C6H2(NHCOMe)2}2]2- (C.1.2.46.) [84]. In the two latter compounds, the trans S 
donors (trans to an oxo ligand) show ever longers W-S bonds, 2.581(2), 2.586(2) [83] 
and 2.607(3) Å [84]. In all the other above-cited molecules, the SR donors are mutually 
trans. Hence, the trans effect of the Cp* ligand is weaker than those of the SR and O 
ligands. 
The analogous reaction of mercaptoacetic (or thioglycolic) acid with [Cp*2W2O5] 
(C.1.1.23.) in a 2:1 ratio (S/W ratio of 1) revealed interesting differences relative to that 
of mercaptopropionic acid described above. The NMR monitoring in CDCl3 did not 
exhibit any major change, leaving a substantial amount of starting materials unreacted 
but revealing also a number of new Cp* peaks and a slight color deepening. This 
suggests an equilibrated and unselective process. The shape of the NMR spectrum was 
the same after immediate recording following mixing, and several hours later, showing 
that the equilibration is rapid. Since the related mercaptopropionic acid addition was 
found to be favored by methanol, a second experiment was conducted in this solvent 
and found to lead to complete consumption of the starting materials, but once again at 
least 4 different Cp*-containing products were obtained (resonances at δ 2.55, 2.52, 
2.34, 2.30 (major peak), and 2.25) and the solution color darkened (Figure 1.3.6.). 
In order to learn more about this transformation, the 1H NMR monitoring 
experiment in CD3OD was repeated with stepwise addition of substoichiometric 
amounts of substrate (total S/W ratios of 0.23, 0.46, 0.70, 0.93, 1.16, and 1.40 
equivalents, respectively), (Figure 1.3.4.). After the first and second addition, only the 
major product with the Cp* resonance at δ 2.30 was formed. The amount of this product 
approximately doubled from the first to the second addition. After the third addition, 
while the depletion of [Cp*2W2O5] (C.1.1.23.) continued to be linear, the δ 2.30 
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resonance increased less than proportionally and the other by-products started to form. 
Note that the interpolation of the starting material data cuts the axis at an S/W ratio of 1, 
indicating the essentially quantitative nature of the transformation in CD3OD. The slope 
observed for the growth of the major product is identical in value and opposite in sign to 
the slope of the starting material decrease, showing that this main product has an S/W 
stoichiometry of 1:1. The lack of disappearance of the starting material beyond the 1:1 
stoichiometry indicates that the minor by-products are characterized by a higher S/W 
stoichiometry. After the addition of 1.4 equivalents of the substrate, the combined minor 
products remained under 20% of the total according to integration of the Cp* peaks, 
whereas the main product reached a maximum of 67% and slightly less than 20% of the 
starting compound remained unreacted. The NMR monitoring was not pursued for 
higher S/W ratios. 
 
 
Figure 1.3.4. Relative amounts (in moles of W) of starting compound, [Cp*2W2O5] 
(C.1.1.23.) (diamonds), main product (squares), and the sum of all other products 
(triangles) as a function of the S/W ratio. 
 
However, on the basis of the evidence that the by-products are likely resulting 
from the reducing action of the substrate (deepening of the solution color, higher S/W 
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stoichiometry) we run an experiment with a larger excess of thioglycolic acid (10 
equivalents) at the methanol reflux temperature. This experiment let to a deep green 
colored final solution, the 1H NMR of which showed the complete consumption of the 
starting material but many products were again observed (same Cp* resonances 
observed in the NMR titration experiments), with the major product being that with δ 
2.34. The resonance of the primary 1:1 addition product was not visible in this product 
mixture. Unfortunately, all our efforts to crystallize one or more of the resulting 
products were unsuccessful. The stronger color that develops, however, suggests that 
one or more of these by-products derive from a reduction process. Any further 
speculation on their molecular constitution is unjustified. Another interesting 
observation concerns the structure and symmetry of the first product obtained at low 
S/W ratios. The absence of a visible SH resonance suggests, like for the 
mercaptopropionic acid reaction described above, that the substrate has reacted with the 
metal atom via the SH function, presumably to yield a similar product to that obtained 
with the mercaptopropionic acid. The methylene resonance is downfield shifted by 
nearly 1 ppm relative to the free substrate, a similar shift also experienced by the 
mercaptopropionic substrate (see above). However, the CH2 resonance in the product is 
visible as an AB pattern (JHH = 18.1 Hz) rather than as a singlet (Figure 1.3.5.), clearly 
indicating that the two methylene protons are inequivalent and hence that the structure 
is asymmetric.  
 
4 4.1 4.2 4.3 4.4 δ/ppm  
Figure 1.3.5. Expansion of the CH2 resonance of the thioglycolate ligand in the major 
product obtained from [Cp*2W2O5] (C.1.1.23.) and thioglycolic acid. 
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Figure 1.3.6. 1H NMR spectrum of Cp*-containing products of reaction between 
[Cp*2W2O5] (C.1.1.23.) and thioglycolic acid. 
 
A tentative formulation for this product is proposed in Figure 1.3.7. The aptitude 
to form a metallacycle would presumably be higher in the thioglycolate derivative 
because of the formation of a more favored 5-membered ring. Clearly, the conversion of 
this structure to the symmetric [Cp*WO2(SCH2COOH)] structure similar to that of the 
mercaptopropionato derivative, if energetically accessible, must be slow on the NMR 
time scale in order to maintain the inequivalence of the methylene protons. 
Unfortunately, all our attempts to crystallize this product, in order to confirm its 
structure, were also unsuccessful. 
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Figure 1.3.7. Proposed structure of [Cp*WO(OH)(SCH2COO)] (C.1.3.1.) 
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1.4. Conclusion 
 
Contrary to [Cp*2Mo2O5], the W congener reacts with HS(CH2)nCOOH (n = 1, 2) 
to yield observable substrate addition products with displacement of water in 
equilibrated processes. This can certainly be attributed to the lower susceptibility of the 
heavier metal to undergo reductive processes. Oxo-bridge splitting is more favourable 
for the S-H function to yield an alkylthiolato derivative than for the COOH function to 
yield a carboxylato derivative. The unusual and unexpected preference of Cp*W(VI) for 
a soft donor (RS) vs. a hard one (RCOO) may be attributed to a “softening” effect of the 
Cp* ligand. It is quite possible that the compounds obtained for the W system represent 
models of the first generated intermediates in the corresponding reaction of the Mo 
system. 
 
1.4.1. Comparison with the [Cp*2Mo2O5] system 
 
One interesting result of this investigation is the different behavior of the Mo and 
W complexes. The reaction between [Cp*2Mo2O5] (C.1.1.36.) and HS(CH2)nCOOH 
resulted in metal reduction and formation of dinuclear Mo(IV) products as the sole 
isolated materials, without any evidence of simple Cp*Mo(VI) addition products. For 
both reactions, the reducing action of the substrate SH function was proven by the 
observation of HOOC(CH2)nS-S(CH2)nCOOH (n= 1, 2) in the product mixture. A 
comparison of the results obtained for the reduction of [Cp*2M2O5] (M=Mo, W) shows 
a greater tendency of the Mo compound to be reduced. For the W complex, on the other 
hand, a reversible reaction gives rise to simple Cp*W(VI) addition products.  
The reaction of [Cp*2W2O5] (C.1.1.23.) with HS(CH2)nCOOH (n = 1, 2) yields 
compound [Cp*WO2(SCH2CH2COOH)] (C.1.1.42.) selectively for n = 2. The 
corresponding reaction for thioglycolic acid (n = 1) resulted in an adduct having the 
same stoichiometry at low substrate/W ratio, but containing a 5-membered cycle in an 
asymmetric [Cp*WO(OH)(SCH2COO)] structure. However, the deepening of the 
solution color when using greater substrate/W ratios indicates the intervention of metal 
reduction to yield several by-products as shown by NMR.  
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The primary Cp*W(VI) addition product for the reaction with thioglycolic acid 
appears more susceptible to reduction than the corresponding product of the reaction 
with mercaptopropionic acid, perhaps because the greater aptitude of the thioglycolate 
ligand to chelate, as proposed in Figure 1.3.6, provides a more suitable coordination 
environment to stabilize a W(V) intermediate, favoring electron transfer from S to W 
and the departure of the alkylthiyl radical in a first step of the reduction process. It is 
appropriate to mention that other half-sandwich W(VI) compounds with S-based 
ligands exist, although they are rare (see sections 1.2.1 and 1.2.2).  
 
1.4.2. Hard vs. soft ligand exchange 
 
Another interesting aspect of the reaction reported in this chapter is the fact that a 
hard ligand, the bridging oxido ligand in [Cp*2W2O5] (C.1.1.23.), is exchanged by a 
softer ligand, the thiolate. Although the reaction is not quantitative, it proceeds to high 
conversions at equilibrium with the production of water. This is an unusual behaviour 
for the oxophilic W(VI) center. Other related WVIO2(SR) systems, notably the 
hydrotris(3,5-dimethylpyrazolyl)borate complex Tp*WO2(SPh) which may be prepared 
by salt metathesis under strictly anhydrous conditions, reacts with hard donors such as 
phenol, methanol, and formic acid to yield Tp*WO2(OPh), Tp*WO2(OMe) and 
Tp*WO2(O2CH), respectively [85]. The latter transformation is particularly relevant, 
because the reactions reported here implicate the direct competition of SH and COOH 
functions for addition to W(VI), with a clear preference for the former. Hard-for-soft 
ligand exchange may also account for the moisture sensitivity of other dioxo-W(VI) S-
donor complexes such as (phen)WO2(SPh)2 [82], WO2(S2CNR2)2 [86], and 
[WO2(bdt)2]2- [87]. The reason for this switch of preference between a hard and a soft 
donor ligand is probably related to the presence of the soft Cp* ligand, leading to a 
“softening” of the tungsten Lewis acidity. Hence, the use of the Cp*W(VI) system has 
opened a new and simpler route for the assembly of sulphur-containing W(VI) 
complexes that are of potential interest as models of W-containing biological systems. 
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1.5. EXPERIMENTAL SECTION 
  
1.5.1. General procedures 
All preparations and manipulations were carried out with Schlenk techniques 
under an oxygen-free argon atmosphere. All glassware was oven-dried at 120°C. 
Solvents were dried by standard procedures and distilled under dinitrogen prior to use. 
1H and 13C{1H} NMR spectra were recorded on Bruker DPX 300 and ARX 250 
instruments. Chemical shifts are expressed in ppm downfield from Me4Si. Coupling 
constants are given in Hertz. The starting compound, [Cp*2W2O5] (C.1.1.23.), was 
prepared as described in the literature [27]. The compounds [W(CO)6] (Aldrich), 70% 
aqueous solutions of tBuOOH (Aldrich), 3-mercaptopropionic acid (99%, ACROS) and 
2-mercaptoacetic acid (98%, Fluka) were used as received. 
 
1.5.2. Preparation of [Cp*2W2O5] 
 
W(CO)6 Na[Cp*W(CO)3]
Na[Cp*WO3]
CH3COOHCp*2W2O5
tBuOOH 
Cp*Na+
 THF
Extract ed wit h CH
2
Cl
2
 
Scheme 1.5.2. The improved synthesis of [Cp*2W2O5] (C.1.1.23.) 
 
 In a flask containing NaCp* (0.521 g, 3.3 mmol) was added a solution of 
[W(CO)6] (1.053 g, 3 mmol) in THF (80 mL). The resulting solution was stirred at 
reflux during 24 h affording the dark orange solution of the corresponding 
Na[Cp*W(CO)3] salt (IR strong peaks at 1881, 1780, 1729 cm-1). To this solution, after 
cooling to room temperature, was added 40 mL of degassed water, then 2.5 mL of a 
70% aqueous tBuOOH solution (18 mmol), resulting in a colour change to red with 
vigorous gas evolution. The solution was stirred at room temperature for 3 days, turning 
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orange, then yellow, and finally colourless. The solution was then evaporated to dryness 
to yield Na[Cp*WO3] (C.1.5.1.) as a white solid. 1H NMR (D2O): δ = 2.04 (Cp*). This 
solid was then extracted with the minimum amount of distilled water and then acidified 
with diluted glacial acetic acid, causing a colour change from colourless to yellow with 
precipitation of a very fine pale yellow solid (pH around 4), which did not settle. The 
acetic acid addition was alternated by extractions of the product into CH2Cl2, until 
further addition of one further drop did not cause any additional precipitation. The 
combined organic layers (total: 150 mL) were washed with distilled water and dried 
over MgSO4 overnight. Evaporation of the solvent yielded [Cp*2W2O5] (C.1.1.23.) as a 
yellow solid (0.93 g, 1.30 mmol, 87% yield). The 1H NMR spectrum of this compound 
(singlet at δ = 2.18 in CDCl3) corresponded to that described in the literature [27, 24]. 
 
1.5.3. Preparation of [Cp*WO2(SCH2CH2COOH)] 
 
To a solution of [Cp*2W2O5] (C.1.1.23.) (100 mg, 0.14 mmol) in 10 mL MeOH 
was added 3-mercaptopropionic acid (23 μL, 0.28 mmol). The solution stirred at room 
temperature for 24 hours. The reaction mixture was then evaporated to dryness leaving 
an oily pale-yellow residue, which was washed with 5x3 mL of pentane. The product 
was then crystallized from CH2Cl2/pentane as white crystals. Yield: 96 mg (81.6 %). 
Elem. Anal.: C, 34.40; H, 4.10%. Calcd for C13H20O4SW (MW 456.201 g mol-1): C, 
34.23; H, 4.42%. 1H NMR (CDCl3): δ 3.51 (t, 2H, J = 7.1 Hz, CH2), 2.84 (t, 2H, J = 7.1 
Hz, CH2), 2.21 (s, 15H, Cp*). 13C{1H} NMR (CDCl3): δ 175.0 (COOH); 119.6 (Cp*, 
Cring); 34.9 (CH2); 31.9 (CH2); 10.9 (Cp*, -CH3). 
IR (KBr) 2 W=O 929,64s; 895,92s cm-1; S-C, 1712 cm-1. 
 
1.5.4. 1H NMR monitoring of the reaction between [Cp*2W2O5] and 
HSCH2CH2COOH. 
 
(a) In CD3OD. In an NMR tube, compound [Cp*2W2O5] (C.1.1.23.) (10 mg, 1.4·10-2 
mmol) was dissolved in CD3OD (0.5 mL) and to the resulting solution was added 3-
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mercaptopropionic acid (2.3 mL, 2.8·10-2 mmol). 1H NMR spectra of the resulting 
solution were taken immediately, after 4 hours and after 1 day . 
 
(b) In CH2Cl2. In a Schlenk tube, compound [Cp*2W2O5] (C.1.1.23.) (177 mg, 0.246 
mmol) was dissolved in CH2Cl2 (15 mL). To this solution was added anhydrous Na2SO4 
(1.5 g) and subsequently 3-mercaptopropionic acid (40 mL, 0.49 mmol). The solution 
was stirred at room temperature for 18 h, then the solid Na2SO4 was filtered off and the 
solution dried under vacuum. The residue was used for an NMR investigation in CDCl3, 
showing the complete conversion to compound [Cp*WO2(SCH2CH2COOH)] 
(C.1.1.42.) (NMR properties identical to the authentic sample described above). To this 
solution in the NMR tube, a drop of D2O was subsequently added and the solution 
monitored by 1H NMR. 
 
1.5.5. 1H NMR monitoring of the reaction between [Cp*2W2O5] and 
HSCH2COOH.  
 
(a) InCD3OD. In a NMR tube, [Cp*2W2O5] (C.1.1.23.) (11.1 mg, 1.54·10-2 mmol) was 
dissolved in CD3OD (0.5 mL). Then thioglycolic acid was added in five incremental 
portions of 0.5 µL (0,71·10-2 mmol). After each addition, the progress of the reaction 
was monitored by 1H NMR. 
 
(b) In CDCl3. In a NMR tube, [Cp*2W2O5] (C.1.1.23.) (13.1 mg, 1.82·10-2 mmol) was 
dissolved in CDCl3 (0.5 mL) and to the resulting solution was added thioglycolic acid 
(2.5 µL, 3.64·10-2 mmol). 1H NMR spectra of the resulting solution were recorded 
immediately, after 1 h 45 min and after 4 hours. 
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CHAPTER 2 
 
APPLICATIONS OF CYCLOPENTADIENYL MOLYBDENUM AND 
TUNGSTEN COMPLEXES IN OLEFIN EPOXIDATION CATALYSIS 
 
2.1. Introduction 
  
The epoxidation of olefins plays an important role in the industrial production of 
several commodity compounds, as well as in the synthesis of many intermediates, fine 
chemicals, and pharmaceuticals. The scale of production ranges from millions of tons 
per year to a few grams per year. The diversity of catalysts is large and encompasses all 
the known categories of catalyst type: homogeneous, heterogeneous, and enzymatic.  
Great advances have been made in the field of catalytic epoxidation in the last 10 years, 
and continue to be made as new catalysts are discovered and new processes are 
developed. Of particular interest has been the investigation of the mechanism, which 
has played an important role not only in improving technology, but also in advancing 
fundamental knowledge in this area of chemistry.  
An important aspect of epoxidation is the source of the oxygen. The most 
desirable terminal source is molecular oxygen, which is a plentiful and economical 
reagent. From the environmental point of view, the most convenient peroxides used in 
epoxidation reactions are hydrogen peroxide and tert-butyl hydroperoxide (TBHP), 
because they produce water and tert-butanol as by-products, and tert-butanol may be 
used as starting material in other applications [1].  
Epoxides are produced not only as end products, but also as intermediates because 
they are valuable building blocks in synthetic organic chemistry [2-4]. Until recently, 
epoxide intermediates were produced by direct oxygen transfer to olefins by a variety of 
stoichiometric methods. Recently, considerable efforts have been made to conduct the 
transformations selectively under catalytic conditions. Because epoxides are reactive 
substances, they can undergo diverse transformations by reactions with acids and bases, 
and their reactivity has been exploited to form a diverse range of products by so-called 
click chemistry which combines the breadth of combinatorial methods with the precise 
synthesis of organic chemistry [5-6]. 
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The goal of this chapter is to present a detailed overview of the epoxidation area 
and to organize the advances made in the area of mechanism, so as to give a perspective 
on similarities and differences between molybdenum and tungsten oxo complexes as 
catalysts. It is often said that mechanisms come and go, but rates remain firm. With this 
in mind, considerable attention is also placed on the reporting of rates. Because of the 
large difference in catalyst types, the conditions are not generally the same, but an 
attempt is made to utilize turnover frequencies (TOFs) so as to permit comparisons 
between different systems. 
 
2.1.1. Epoxidation Reactions of Olefins Catalyzed by Metal-oxo Complexes 
 
Metal oxo and dioxo complexes are important catalysts for oxygen transfer 
reactions. In particular, molybdenum and tungsten complexes have been studied as 
models of oxotransferase active sites and have played an important role in industrial 
catalysis through the ARCO and Halcon olefin epoxidation process in the late 1960s 
[7].  
The work of Kollar has shown that the best soluble catalysts are based on Mo, that 
various hydroperoxides, including TBHP, ethylbenzene hydroperoxide, and cumene 
hydroperoxide, were effective epoxidizing agents, and that the addition of an alkali 
metal improved the selectivity [8]. Hydrogen peroxide is a much less competent 
epoxidizing agent with the soluble catalysts employed. The process was commercialized 
together with ARCO using Mo catalysts [9-14].  
The reaction of Mo species with H2O2 forms peroxide complexes known as 
Mimoun complexes (C.2.1.1.)(Fig. 2.1.1a.). These complexes are not as active as the 
metal peroxides Mo-OOR as epoxidation catalysts [15]. 
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   (a)                                        (b) 
Figure 2.1.1.The structure of Molybdenum complexes found in catalytic systems. 
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The Lewis acid catalyzed epoxidation reaction with organic hydroperoxides 
belongs to a class of reactions known as heterolytic reactions which involve two-
electron transfer processes. An additional feature of the epoxidation reaction is that the 
catalytic center does not undergo a change in oxidation state. This occurs because the 
electron-transfer steps involving the metal are concerted. The role of the metal center is 
to activate an organic hydroperoxide (ROOH) so that one of its oxygen atoms can be 
transferred to the olefin. The reaction was initially described by Brill and Kollar [16, 8]. 
The epoxidation does not proceed to any appreciable rate without a catalyst because the 
hydroperoxide alone is not sufficiently electrophilic to attack the double bond [17].  
The most active elements for the oxygen transfer are the transition metals to the left of 
the Periodic Table. The order of activity of these is Mo > W > Ti > V >U > Th > Zr, Nb 
[17]. The catalytic elements are typically in their highest attainable oxidation state, and 
have the essential feature of not having a readily accessible lower oxidation state. This 
is necessary in order not to promote the metal-catalyzed decomposition of the 
peroxides, which could initiate radical chain reactions. Elements such as Mn, Fe, Co, 
Rh, Ni, Pt, and Cu are ineffective for this reason. 
Among the most active transition metals is Mo(VI). Linden and Farona have 
found that Mo(V) is inactive for the epoxidation reaction. The catalytic system is added 
as a soluble pre-catalyst in the reaction mixture, for example Mo(CO)6 or MoO2(acac) 
(acac = monoanion of acetylacetone). Sheldon and Van Doorn found that both pre-
catalysts give rise to a common compound, a 1,2-diol complex (Fig. 2.1.1.b.) [18], 
deriving from ring opening of the product epoxide.  
For Mo catalysts, Chong and Sharpless have proposed a reaction sequence (Scheme 
2.1.1.) consistent with the observed rate law: 
 
r =
k2 K1 [Mo]0 [olefin] [RO2H]
1  
 
+ K1 [RO2H]  
 
The hydroperoxide is suggested to coordinate to the metal center through the 
distal or terminal oxygen, rather than the proximal oxygen. The olefin then undergoes 
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complexation and oxygen transfer. The coordination of the distal oxygen atom is 
reasonable from steric considerations.  Formation of a peroxo complexe was ruled out 
from isotope-labeling experiments which showed that the C-O bonds of the 
hydroperoxide remained intact during the reaction [19].  
 
 
Scheme 2.1.1. Sharpless’ alkylperoxo mechanism of molybdenum-catalyzed 
epoxidation with hydroperoxides. 
 
Mimoun has given an alternative possibility, suggesting the formation of peroxo 
metallacyclic adducts following complexation of the olefin to the metal [20, 21]. The 
reaction sequence (Scheme 2.1.2.) involves a reactive species denoted as Ln-Mo, a 
Mo(VI) ion with a set of alkoxy ligands. The reaction starts by formation of an 
alkylperoxo Mo complex by ligand exchange of an alkylperoxide with an alcohol. This 
is followed by complexation of the olefin by a coordination bond. A subsequent peroxy 
metallation of the olefin produces a five-membered metalladioxolane 
(peroxometallacycle) intermediate, which then subsequently decomposes to produce 
propylene oxide (PO) and a molybdenum alkoxide. 
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Scheme 2.1.2. Mimoun’s mechanism of molybdenum-catalyzed epoxidation with 
hydroperoxides. 
 
Evidence in favor of this mechanism is summarized by Mimoun: 
(a) It is found that the epoxidation proceeds with any olefin/hydroperoxide ratio, 
indicating that the olefin and the hydroperoxide do not compete for sites. This is 
because the alkylhydroperoxide needs an anionic position on the metal and the olefin 
needs a vacant coordination site.  
(b) The rate of epoxidation increases with increasing substitution of the olefin with 
electron-donating groups, which is expected to strengthen the binding of the olefin to 
the Mo center. On the other hand, the rate is strongly inhibited by coordinating α-donor 
solvents or ligands which compete with olefins for vacant sites on the metal. This 
indicates that the olefin is coordinated to the metal before the epoxidation step.  
(c) The mechanism explains the retardation of the rate by the alcohol product, which 
occurs by competition with the hydroperoxide for the anionic site.  
(d) The Mo(VI) center involved in the reaction has no d electrons for back-bonding, so 
the coordination of the olefin to the metal is by a Lewis acid-Lewis base interaction. By 
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analogy, it is expected that Lewis acid centers having alkylperoxo groups should be 
active for epoxidation. In fact, this evidence is also compatible with the mechanism 
suggested by Chong and Sharpless. Theoretical calculations were carried out which 
suggest that direct oxygen transfer from a hydroperoxide species by the mechanism of 
Chong and Sharpless is more energetically favorable than the formation of the 
metalladioxolane [22]. 
 
2.1.2. Epoxidation of Olefins Catalyzed by Cyclopentadienyl-oxo Molybdenum 
Complexes 
 
Cyclopentadienyl molybdenum complexes are well established pre-catalysts for 
the epoxidation of olefins by alkyl hydroperoxides. The catalytic activity of Cp*Mo-oxo 
complexes was firstly examined by Bergman and Trost. Compound [Cp*MoO2Cl] 
(C.2.1.2.) was shown to be an active catalyst for olefin epoxidation like isoelectronic 
derivatives of general formula MO2X2L2 (M=Mo, W; X=Cl, Br, Me, Et; L=Lewis base 
ligands). The compound is catalytically active for the epoxidation of several olefins 
(such as cyclooctene, geraniol, 1,2,4,5-tetramethylcyclohexa-1,4-diene), as long as they 
do not include any electron-withdrawing groups. Apart from TBHP, other alkyl 
hydroperoxides such as cumene hydroperoxide and n-hexylhydroperoxide could be used 
as oxidants (Equation 2.1.2.1a.). However, with either H2O2 or Ph3COOH no catalytic 
reaction occurred (Equation 2.1.2.1b.) [23].  
 
R R
Cp* MoO
2
Cl
oxi dant
R R
O
    
R R
Cp* MoO
2
Cl
H
2
O
2
 / Ph
3
COOH
 
   (a)      (b) 
Equation 2.1.2.1. Olefin epoxidation with [Cp*MoO2Cl] (C.2.1.2.) as catalyst. (a) The 
reaction is achieved with TBHP or other alkylhydroperoxides as the oxidant.(b) The 
reaction does not occur when H2O2 or Ph3COOH were used as oxidant.  
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The epoxidation reaction occurs under quite mild conditions. Cyclooctene was 
converted to cyclooctene oxide in 80% isolated yield with use of 2.5 mol % of 
[Cp*MoO2Cl] (C.2.1.2.) and 2.5 equiv of tert-butyl hydroperoxide in benzene solution 
after 4 hours at 60ºC (Equation 2.1.2.2.). 
 
O
2. 5 % Cp* MoO
2
Cl
2. 5 ︵ CH3︶ 3 COOH
benzene
60 ° C
 
Equation 2.1.2.2. 
 
The tetrasubstituted olefin 1,2,4,5-tetramethylcylohexa-1,4-diene was converted 
to the diepoxide in 72% isolated yield with use of 2% of the catalyst [Cp*MoO2Cl] 
(C.2.1.2.) and 4 equiv. of tert-butyl hydroperoxide (Equation 2.1.2.3.). 
 
CH3
CH3
CH3
CH3
2. 0 % Cp* MoO
2
Cl
Benzene
25 ° C
(CH3)3COOH4 
CH3
CH3
O O
CH3
CH3  
Equation 2.1.2.3. 
 
As seen in other transition-metal-mediated epoxidation reactions, geraniol was 
epoxidized selectively at the olefin bearing the allylic hydroxyl group affording the 
corresponding epoxide in 27 % isolated yield (Equation 2.1.2.4.). 
 
OH
OH
O
H
CH3
(CH3)3COOH4 
4. 0 % Cp* MoO2 Cl
Benzene
45 ° C
Equation 2.1.2.4. 
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Epoxidation of trans-1,2-diphenylpropene led only to the trans epoxide (Equation 
2.1.2.5.), while epoxidation of cis-1,2-diphenylpropene under similar conditions gave 
exclusively the cis epoxide (Equation 2.1.2.6). 
 
5 % Cp* MoO
2
Cl
︵ CH3︶ 3 COOH
O CH3Ph
H Ph
CH3
Ph
Ph
H  
Equation 2.1.2.5. 
 
5 % Cp* MoO
2
Cl
︵ CH3︶ 3 COOH
O PhPh
H CH3
Ph
CH3
Ph
H  
Equation 2.1.2.6. 
 
Bergman and co-workers also found that TBHP reacts with [Cp*MoO2Cl] 
(C.2.1.2.) (in the absence of olefins) originating complex [Cp*Mo(O2)OCl] (C.2.1.3.) 
(Figure 2.1.2.1). Curiously, catalytic reactions performed with the isolated 
[Cp*Mo(O2)OCl] (C.2.1.3.) led to no epoxidation products, therefore this complex was 
considered to be an unwanted side products and it was concluded that the active species 
cannot be a η2-coordinated peroxo complex [23]. These results were supported by 
Roesky and co-workers, who reported the X-Ray crystal structure of [Cp*Mo(O2)OCl] 
(C.2.1.3.). In the same work they also described this compound as being not active as 
olefin epoxidation catalyst in the presence of excess TBHP [24]. 
 
Mo
O
ClO
OOH+
t oul ene
Mo
O
ClO
O
+ OH
Figure 2.1.2.1. TBHP reacts with [Cp*MoO2Cl] (C.2.1.2.) to form a η2-peroxo complex 
of formula [Cp*Mo(O2)OCl] (C.2.1.3.) 
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The peroxo complex does not react with olefins to yield epoxides. Treatment of 
the peroxo complex with very reactive olefins such as 1-methylcyclohexene failed to 
give any detectable reaction even in the presence of added tert-butyl hydroperoxide.  
Bergman and co-workers have shown that the reaction rate depends on the alkyl 
hydroperoxide used. The more sterically demanding hydroperoxides retard the 
epoxidation of more highly substituted olefins, while less bulky hydroperoxide 
increases their susceptibility to epoxidation. This observation shows that the 
alkylperoxido group is associated to the catalyst at the level of the rate determining step 
and that steric effects are important.  
These studies have been extended by Kühn, Romão and coworkers [25], who have 
shown that [(η5-C5R5)MoO2Cl] (R=H, CH3, CH2Ph (Bz)) (C.2.1.4.) complexes can be 
easily obtained from carbonyl precursors by oxidation with TBHP in yields up to 75%. 
These complexes were tested as catalysts for the epoxidation of cyclooctene, styrene 
and 1-octene with TBHP in order to compare the effect of the substituent on the 
catalytic activity (Equation 2.1.2.7.). The highest activity was found for [(η5-
C5Bz5)MoO2Cl] for cyclooctene in CH2Cl2 at 55ºC. The complexes [(η5-C5H5)MoO2Cl] 
and [(η5-C5Bz5)MoO2Cl] showed good activity, reaching a 100% conversion after 4 h 
reaction time. However, whereas complex [(η5-C5Bz5)MoO2Cl] maintains most of its 
activity in a second and third catalytic run (by addition of new substrate), that of the Cp 
derivative declines strongly due to catalyst decomposition. [(η5-C5Me5)MoO2Cl] 
reaches only about 60% of the activity of the other derivatives in the first run and shares 
the same decomposition problems observed for [(η5-C5H5)MoO2Cl] under catalytic 
conditions. The high activity of [(η5-C5Bz5)MoO2Cl], despite its higher steric bulk, was 
ascribed both to its higher stability towards moisture and the lower electronic density at 
the Mo center, in comparison to the derivatives [(η5-C5Me5)MoO2Cl] and [(η5-
C5H5)MoO2Cl] due to a weaker Mo-ring bond. Styrene and 1-octene could also be 
transformed to their respective epoxides with [(η5-C5H5)MoO2Cl], [(η5-C5Me5)MoO2Cl] 
and [(η5-C5Bz5)MoO2Cl], the best results being again obtained with [(η5-
C5Bz5)MoO2Cl]. Ring opening of the styrene epoxide to the diol is not significant under 
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the conditions applied; 1-octene, being an unactivated, non functionalized olefin, reacts 
significantly slower than the other substrates. 
 
H
R'R
H [cat.] 55 °C
2 t 
︳
BuOOH
H
R'R
H O
 
Equation 2.1.2.7. 
 
The groups of Martins, Romão and coworkers investigated the catalytic 
performance of the dioxomolybdenum complexes [Cp’MoClO2] (Cp’ = C5H5, C5Me5, 
CpBz, C5H(iPr)4) (C.2.1.5.) for the epoxidation of cyclooctene [7] (Equation 2.1.2.8.) in 
collaboration with our group.  
 
O
[Cp'MoO2]2O)
1 % cat ︵ Cp' MoO2 Cl,        2 tBuOOH
CHCl
355 ° C
 
Equation 2.1.2.8. 
 
One of the aims of this study was to assess the activity dependence of 
[Cp’MoO2Cl] (C.2.1.5.) complexes by the nature of the ring substituents using TBHP as 
oxidant. The conclusion was that the nature of the cyclopentadienyl ring substituents 
strongly influences the overall performance of the catalysts, both in terms of initial 
activity rates and, more importantly, in terms of their long-term performance at 24 h 
reaction time. The steric bulk was not considered as the decisive parameter to control 
this dependence. The reactivity of the complexes can be explained in terms of the ability 
of the [Cp’MoO2Cl] (C.2.1.5.) or [Cp’2Mo2O5] (C.2.1.6.) complexes to undergo ring-
slippage or distortion that might alleviate the steric pressure on the intermediates. The 
same study also showed that [Cp’MoO2Cl] (C.2.1.5.) and [Cp’MoO2]2O (C.2.1.6.) 
complexes are catalytically active in aqueous solutions with TBHP but not with H2O2 as 
an oxidant.  
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These results also meet our group expectation that [Cp’MoO2X] (X = Cl or 
O3MoCp*) (C.2.1.7.) complexes are catalytically active in aqueous solution. Indeed, it 
was shown that the Cp*MoO2(VI) fragment survives a wide range of pH conditions in 
aqueous solution, where species such as [Cp*MoO2(H2O)]+ (C.2.1.8.), [Cp*MoO2(OH)] 
(C.2.1.9), and [Cp*MoO3]- (C.1.1.35.) have been identified [26]. Their cis-MoO2 
moiety is expected to form a peroxo complex with H2O2 [27]. 
The carbonyl precursor compounds of the [Cp’MoO2Cl] (C.2.1.5.) complexes 
were also found to be active catalysts for the epoxidation reactions by Kühn and 
coworkers [25]. Applying [Cp’Mo(CO)3Cl] (C.2.1.10.) as oxidation catalyst in the 
presence of TBHP leads to similar results as the application of [Cp’MoO2Cl] because, 
as shown by the authors, the precursor [Cp’Mo(CO)3Cl] (C.2.1.10.) is oxidized 
stoichiometrically by TBHP under the catalytic conditions to yield the catalytically 
active [Cp’MoO2Cl] (C.2.1.5.) complex (Equation 2.1.2.9.). 
 
Mo
ClOC
OC CO
R
R
R
R
R
R
R
R
R
R
Mo
O
O Cl
t- BuOOH
R= H, CH3, Bz  
Equation 2.1.2.9. 
 
Several carbonyl compounds of formula [Cp’Mo(CO)3R] (R = alkyl) (C.2.1.11.) 
(Figure 2.1.2.2.) were synthesized and applied directly as epoxidation catalysts in the 
presence of excess TBHP by Kühn and coworkers [28]. The study also showed that 
increasing the alkyl substitution of the Cp ligand lowers the catalytic activity, and that 
ansa-bridged derivatives, being more difficult to synthesize than their non-bridged 
congeners, seem to show no significant advantage when applied in catalysis. 
Additionally in 2009 Kühn and coworkers used [CpMo(CO)3CH3] (C.2.1.12.) as 
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catalyst in the epoxidation of cyclooctene and described the X-Ray structure of Mo(VI) 
oxo-peroxo compound. 
 
Mo
OC
OC CO
Me
Mo
OC
OC CO
Et
Mo
OC
OC CO
Mo
OC
OC CO
Me
 
Figure 2.1.2.2. Examples for synthesized carbonyl precursors of [Cp’MoO2R] 
compounds. 
 
Mo
OC
OC CO
Me + TBHP
CH
2
Cl
2
25 ° C Mo MeO
O O  
Equation 2.1.2.10. 
 
Contrary to the [Cp*MoO2Cl] (C.2.1.2.) system investigated by Bergman (vide 
supra), the Mo(VI) oxo-peroxo derivative for this [CpMoO2(CH3)] (C.2.1.13.) system 
was found to be catalytically active in the epoxidation of cyclooctene and styrene with 
TBHP as oxidizing agent at room temperature, although its catalytic activity is inferior 
to that of the dioxo precursor. A general mechanism for the oxidation of 
[CpMo(CO)3CH3] (C.2.1.12.) and catalytic activity of resulting complexes have been 
suggested by Kühn and coworkers.(Scheme 2.1.2.1.) A general pathway for this 
catalytic reaction can thus be proposed, involving three Mo species: the carbonyl, the 
dioxo and the oxo-peroxo complexes.  
In terms of mechanism, although there is now general agreement on the fact that 
the first step is activation of the oxidant by the catalyst, and the oxygen atom is then 
transferred to the olefin is a subsequent rate determining step, the details of this atoms 
transfer are still the subject of controversy. To explain the activity of catalysts that do 
not have alkoxy or other easily protonatable functions (as needed in the mechanisms 
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proposed in Schemes 2.1.1. and 2.1.2), Thiel has proposed that the oxidant is activated 
by transferring a proton to a peroxide ligand (Scheme 2.1.2.2) [29]. The intermediate is 
stabilized by an interaction between the metal and the distal O atom, which activates the 
proximal O atom toward the olefin attack. The rest of the mechanism remains identical 
to that proposed by Sharpless. 
Mo
OC
OC CO
Me
Mo
MeO
O
Mo
Me
OH
O
OOR
HOOR
Olefin
Epoxide
ROH
HOOR
HOOR
ROH
Mo
MeO
O O
Olefin
Epoxide
ROH
HOOR
MoO
O
CH3
OOR
OH
 
Scheme 2.1.2.1. General mechanism for the oxidation of [CpMo(CO)3CH3] (C.2.1.12.) 
and the proposed general pathway for the catalytic reaction of epoxidation. 
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Scheme 2.1.2.2. Modification of the Sharpless mechanism as proposed by Thiel [29]. 
 
Note that this mechanism does not take into account the absence of activity for 
some peroxide complexes. However, the proton can also be transferred to an oxide 
ligand. This hypothesis was checked a few years later by a computational study in a 
Poli-Lledos collaboration [30]. The study, run on [Cp*MoClO2] (C.2.1.2.) as catalyst, 
H2O2 and MoOOH as models for TBHP, and C2H4 as model for cyclooctene, confirmed 
that the pathway has a relatively low activation energy (24.1 and 31.6 kcal/mol for H2O2 
and MeOOH, respectively). Most importantly, the activation is much greater when the 
peroxide derivative [Cp*MoO(O2)Cl] (C.2.1.3.) is used in the catalytic cycle and 
therefore the mechanism is consistent with Bergman’s experimental observations.  
 
M
O
O RH
O M
OO
O H
R
M
O
O
O H R
-ROH -
O
 
Scheme 2.1.2.3. Modification of the Mimoun mechanism as proposed by Calhorda et 
al. [31]. 
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Another computational investigation was reported by Calhorda et al. on a 
variation of Mimoun mechanism, where the oxidant is once again activated by 
transferring its proton to an oxide ligand (see Scheme 2.1.2.3). In this mechanism, 
which was investigated for the [CpMoO2(CH3)] (C.2.1.13.) catalyst, the intermediate is 
stabilized by a H bond between the OH ligand and the distal O atom of the OOR ligand. 
This mechanism is associated to an extremely high activation barrier (50 kcal/mol) at 
the DFT level, but this barrier is drastically reduced to 24 kcal/mol when the calculation 
was repeated by a correlated ab initio (MP2) method [31].  
 
2.1.3.  Catalytic Epoxidation of Cyclooctene by [Cp*2Mo2O5] and [Cp*2W2O5] 
 
 The first investigation of dinuclear [Cp’2Mo2O5] (C.2.1.6.) compounds as pre-
catalysts for olefin epoxidation was the above-cited collaboration between Romão and 
our group. The investigation compared the performance of [Cp’MoCl(O)2] (C.2.1.5.) 
complexes (Cp’=C5H5, C5Me5, CpBz) with that of the bimetallic compounds 
[{Cp’Mo(O)2}2(µ-O)] (C.2.1.6.) with H2O2 and TBHP as oxidant (Equation 2.1.3.1) [7], 
using CHCl3 as solvent.  
 
O
1 % Cp*
2
M
2
O
5
,
       2eq. TBHP︵ 5. 5 M i n decane︶
CHCl
355 ° C
 
Equation 2.1.3.1. 
 
 Under the same operating conditions the bimetallic complexes achieve 
conversions (between 0.1 and 24 hours) in the same range as the mononuclear 
[Cp*MoCl(O)2] (C.2.1.5.) and [(C5HiPr4)MoCl(O)2] (C.2.1.5.). Both bimetallic 
[(C5HiPr4)MoO2]2O (C.2.1.6.) and [Cp*MoO2]2O (C.2.1.6.) achieve higher conversion 
at 24 hours than their mononuclear congeners. The corresponding profile for the 
binuclear compounds, Figure 2.1.3.1, shows a slower start and slow progression of the 
reaction after ca. 2 hours.  
 
 
 
 
58 
 
 
Figure 2.1.3.1. Cyclooctene conversion versus time. Reaction conditions : olefin: 
cyclooctene, temp: 55°C; oxide: TBHP in 5.5M decane; cat: 1% [Cp’MoO2]2O 
(C.2.1.6.) ; solvent: CHCl3. 
 
 In the same investigation, with the aim of studying the activity of these systems in 
aqueous solution, H2O2 and TBHP were used as oxidants in cyclooctene epoxidation. 
[Cp*MoO2]2O (C.1.1.36.) was tested with 30% H2O2 at both natural pH of its solution 
and at pH 1.5. After 4 hours, the conversion was around 2%. [Cp*MoO2]2O (C.1.1.36.) 
catalyzed cyclooctene epoxidation with aqueous 70% TBHP solution and after 4 hours 
the conversion was around 27%. In agreement with previous observations, H2O2 is 
unable to be activated to olefin epoxidation by octahedral or pseudo-octahedral 
MoO2X2L2 or [Cp’MoO2X] complexes. 
If high oxidation state cyclopentadienyl Mo-oxo compounds have found many 
applications in the olefin epoxidation reaction, the corresponding cyclopentadienyl W-
oxo derivates have not been tested in this application prior to the recent work in our 
group. However the well known catalytic activity of several peroxidotungstate systems 
is often greater than that of their molybdenum analogues [32]. The recent progress 
related to oxotransferase tungsten-containing enzymes suggests that the investigation of 
olefin epoxidations catalysed by organometallic derivates of the WO2 fragment could be 
particularly rewarding.  
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In a recent collaborative study with the group of M. Peruzzini in Florence (Italy), 
compounds [Cp*2M2O5] (C.1.1.23-36.) were used as pre-catalysts for the oxidation of 
thiophene derivatives (benzothiophene, dibenzothiophene and 4,6-
dimethyldibenzothiophene) using aqueous H2O2 as oxidant and MeCN as solvent 
(standard conditions used in the collaborator laboratory) [33]. The study revealed that 
the two compounds are good catalysts, the W compound being more active than the Mo 
analogue by a factor of approximately 100. For this reason, the investigation was 
subsequently extended to the epoxidation of cyclooctene, using similar conditions 
(aqueous H2O2 in acetonitrile). The only difference with respect to the oxidation of the 
thiophene derivatives is the use of a MeCN/toluene mixture as solvent in order to 
generate a homogeneous phase (cyclooctene is not completely miscible in MeCN). 
 
O
1 % Cp*
2
M
2
O
5
,
        H
2
O
2
 ︵ % 30 i n wat er︶
CH
3
CN /Tol uene
55 ° C
 
Equation 2.1.3.2. 
 
The reactions were monitored by gas chromatography and revealed the total 
consumption of the substrate and the final formation of the corresponding epoxide, as 
the sole terminal product, to indicate that the reactions are selective and quantitative. 
The result for one typical run for the W precatalyst is shown in Figure 2.1.3.2. [34]. 
 Like in the thiophene derivatives oxidation described above, the [Cp*2W2O5] 
(C.1.1.23.) complex was found to be a much better catalyst than the Mo analogue. In 
this case, the W/Mo rate ratio was ca. 50. The study also indicated that the rate constant 
decreases upon increasing the amount of aqueous H2O2 (from 2 to 8 equivalents). This 
decrease was attributed to a negative effect of the solvent dilution by water, since a rate 
decrease was also observed by maintaining the same amount (2 equivalents) of aqueous 
H2O2 and adding water. Thus, the rate law appears to be zero order in oxidant. The 
reaction rate, on the other hand, is first order in substrate and first order in catalyst. 
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Finally, a study at variable temperature in the 25-55°C range allowed the derivation of 
the activation parameters (ΔH‡ = 10.2(6) kcal/mol; ΔS‡ = -32(2) e.u.).  
 
 
Figure 2.1.3.2.Time dependence of the molar fraction of substrate (♦) and epoxide (■) 
for the COE oxidation catalysed by [Cp*2W2O5] (C.1.1.23.) using H2O2 in 
acetonitrile/toluene 3/1 at 55 ºC. 
 
 On the basis of these results, the mechanism of the reaction was recalculated for 
both [Cp*MO2Cl] (M = Mo, W) compounds as models of the dinuclear pre-catalysts 
[Cp*2M2O5], again using C2H4 as model olefin. The calculated activation barriers were 
indeed lower for the W system than for the Mo system (32.2 and 28.3 kcal/mol for Mo 
and W, respectively), and the explanation for the better catalytic activity of the W 
system was attributed to the greater oxophilicity and Lewis acidity of the W center, 
which interacts more stongly with the distal O atom in the transition state of the O 
transfer process [34].  
 
2.2. RESULTS AND DISCUSSION 
 
 On the basis of the prediction of the theoretical calculations, it would be expected 
that the W system is a better catalyst than the Mo system independently of the oxidant 
used, namely not only for the oxidation by aqueous H2O2 in MeCN but also by TBHP in 
non aqueous solvents. Verification of this proposition has been one of the goals set out 
in this thesis.  
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2.2.1. Epoxidation of Cyclooctene with TBHP and [Cp*2Mo2O5] as Catalyst 
 
2.2.1.1.Effect of Solvents on the Epoxidation of Cyclooctene  
 
My contribution to this topic of the mechanistic investigation of olefin 
epoxidation catalysis has been to extend the use of the dinuclear [Cp*2M2O5] (C.1.1.23-
36.) catalytic systems to the use of organic solutions of TBHP. In a preliminary 
investigation with 1H NMR monitoring, [Cp*2Mo2O5] (C.1.1.36.) and [Cp*2W2O5] 
(C.1.1.23.) were tested for their activity in the epoxidation of cyclooctene with TBHP 
(5.5 M in decane) at room temperature (Equation 2.2.1.). This study showed, quite 
unexpectedly, that the dinuclear Mo(VI) compound is more effective than the W analog 
under these conditions (see the results in Table 2.2.1).  
 
O
Oxi dant : TBHP 5, 5 M i n decane
Cat alyst : Cp*
2
M
2
O
5
 ︵ M: Mo, W︶
 
Equation 2.2.1. Oxidation of cyclooctene 
 
Table 2.2.1. Yield of cyclooctene oxide for the cyclooctene epoxidation by TBHP 
catalyzed by [Cp*2Mo2O5] (C.1.1.36.) and [Cp*2W2O5] (C.1.1.23.) at room temperature 
in different solvents.a  
Solvent Catalyst Time Cyclooctene 
oxide yield, %b 
Observations 
CDCl3 [Cp*2Mo2O5] 
20.5 h 
 
84.5 
Fast (heterogeneous condition, 
white precipitate formation) 
CDCl3 [Cp*2W2O5] 14 days 0.02 Very slow 
MeOD [Cp*2Mo2O5] 5 days 47.1 Slow 
MeOD [Cp*2W2O5] 6 days - Very low yield of epoxide (GC) 
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CD3CN [Cp*2Mo2O5] 8 days 89.0 
High yield 
(homogeneous condition) 
CD3CN [Cp*2W2O5] 2 days - Very low yield of epoxide (GC) 
(CD3)2CO [Cp*2Mo2O5] 7 days - No conversion 
(CD3)2CO [Cp*2W2O5] 7days - No conversion 
a Conditions: 0.1 mL of cyclooctene (0.78 mmol), 0.28 mL of TBHP (5.5 M in decane; 
1.56 mmol), [Cp*2M2O5] (4.2 mg for Mo; 5.6 mg for W; 7.8x10-3 mmol;); 0.3 mL of 
deuterated solvent. b Yield values were calculated by NMR analysis. 
 
In these experiments the solvent was different in each run while keeping the 
other conditions the same. The solvent was varied from polar protic to polar non protic 
and also extended to non polar. Chloroform is the best solvent amongst all those studied 
judging from the data in Table 2.2.1. The result in this solvent for [Cp*2Mo2O5] 
(C.1.1.36.) (see Figure 2.2.1) reproduces that reported in a previous contribution [7], 
including the observed formation of a white precipitate, the nature of which is to date 
unknown. Thus, although this reaction is initially very fast and homogeneous, it rapidly 
turns to a heterogeneous system. The catalytic process, on the other hand, was 
homogeneous for all other investigated solvents. There was no conversion at all in 
(CD3)2CO for both [Cp*2Mo2O5] (C.1.1.36.) and [Cp*2W2O5] (C.1.1.23.) as catalyst. 
This may be caused by the lone electron pair on the oxygen atom in acetone-d6 that 
blocks the Lewis acidic sites of the catalyst. The same phenomenon could be expected 
in MeOH and MeCN, but in these solvents the reaction, although slow, took place when 
using the Mo catalyst (see Figures 2.2.2. and 2.2.3. in MeOH and MeCN, respectively). 
In MeCN at room temperature the conversion was complete after 8 days and the 
selectivity was perfect, cyclooctene epoxide being the only observed product. The 
increase in the yield of epoxide in CDCl3 may be explained by the high TBHP solubility 
in nonpolar solvents. It is striking, however, to note the very large difference in 
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reactivity between the Mo and W, which is in the inverse order relative to the aqueous 
H2O2 epoxidation in MeCN/toluene (vide supra). 
 
Figure 2.2.1. 1H NMR monitoring of the epoxidation of cyclooctene by TBHP (5.5 M 
in decane) in CDCl3 catalyzed by [Cp*2Mo2O5] (C.1.1.36.) . For the reaction conditions, 
see footnote of Table 2.2.1. 
 
 
Figure 2.2.2. 1H NMR monitoring of the epoxidation of cyclooctene by TBHP (5.5 M 
in decane) in CD3OD catalyzed by [Cp*2Mo2O5] (C.1.1.36.). For the reaction 
conditions, see footnote of Table 2.2.1 
 
 
 
 
 
 
 
64 
 
 
Figure 2.2.3. 1H NMR monitoring of the epoxidation of cyclooctene by TBHP (5.5 M 
in decane) in CD3CN catalyzed by [Cp*2Mo2O5] (C.1.1.36.). For the reaction 
conditions, see footnote of Table 2.2.1. 
 
2.2.1.2. Kinetics of Epoxidation of Cyclooctene with TBHP (in 5.5 M decane) by 
[Cp*2Mo2O5] in Acetonitrile/Toluene (3:1) 
 
All subsequent catalytic experiments were carried out in a CH3CN/toluene 
mixture (as stated in section 1, toluene is necessary to render cyclooctene completely 
miscible in the MeCN solvent at high concentrations), because this is the best solvent 
where the reaction occurs under homogeneous conditions, making it possible to study 
the reaction kinetics and derive the rate law. These studies were carried out at 55°C and 
the reactions were followed by gas-chromatography with detection and quantification of 
the cyclooctene and cyclooctene oxide peaks. The rate law is expected to have the 
general form shown in equation 2.2.2.  
 
v = k[cat]x[cyc]y[TBHP]z     (cat = [Cp*2Mo2O5]) 
Equation 2.2.2. 
 
A first run (run 1) was carried out with a large excess of TBHP oxidant 
(TBHP/cyclooctene = 8:1) in order to maintain an approximately constant concentration 
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for the oxidant. The catalyst concentration was 1% of dinuclear compound (2% in terms 
of moles of metal) relative to the olefin. This experiment should allow in principle the 
determination of the reaction order in cyclooctene (y) in equation 2.2.2. The results are 
shown in Figure 2.2.4. The first important observation is the good mass balance. The 
amount of produced cyclooctene oxide was nearly the same as the amount of consumed 
cyclooctene (>90%). Cyclooctene oxide was the terminal product and no additional 
peaks from by-products were visible from GC measurements. Under these conditions, 
essentially all the cyclooctene is completely converted to the oxide product in ca. 3 
hours.  
 
Figure 2.2.4. GC monitoring of the epoxidation of cyclooctene by TBHP (5.5 M in 
decane) in CD3CN/toluene catalyzed by [Cp*2Mo2O5] (C.1.1.36.) Conditions: 6.4 mg of 
catalyst (0.0119 mmol); 0.15 mL of cyclooctene (1.19 mmol); 1.72 mL of TBHP (5,5 M 
in decane; 9.50 mmol); 6,05 mL (3:1 CH3CN/Toluene) at 55°C. 
 
The decay of the cyclooctene substrate was analyzed according to both the first- 
and the second-order rate law, as shown in Figures 2.2.5 and 2.2.6. At a first glance, the 
cyclooctene disappearance does not appear to follow a first-order decay and seems to fit 
much better with a second order decay. On the other hand, such rate law dependence on 
the cyclooctene concentration is totally unreasonable and unexpected, on the basis of 
the mechanistic discussion presented in part 1 of this chapter. A second order 
dependence on cyclooctene would indicate that two molecules of cyclooctene must be 
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involved at the level of the rate-determining transition state, whereas all reasonable 
mechanistic propositions, even though disagreeing in regards of the detailed mode of O 
atom transfer to the olefin, agree on the fact that only one molecule of olefin is 
implicated at the level of the rate determining transition state. Therefore, we are more 
inclined to think that the kinetic measurements are affected by a systematic error that 
makes the olefin consumption look like a second order decay. One possible reason for 
this behavior is an inhibiting effect by the produced tert-butanol, as has been 
highlighted in other previously published work (see Introduction) [34]. The analysis of 
the reaction order in cyclooctene by the initial rate method, currently in progress, should 
in principle confirm the first order dependence. For the time being, this first order 
dependence can only be assumed. 
The reaction order in TBHP (z in equation 2.2.2) was determined by measuring 
the initial rate of reactions run under identical conditions and particularly at the same 
cyclooctene concentration but varying the concentration of TBHP (at 
TBHP/cyclooctene ratios of 1, 2, 4),. The kinetic profiles of these runs are shown in 
Figures 2.2.7-9. Once again, the data indicate excellent reaction selectivity and a good 
mass balance.  
 
 
Figure 2.2.5. Plot of ln(C0/C) versus time for run 1. The plot begins to deviate from 
linearity as the cyclooctene depleted. A linear region of the plot near initial points can 
be used for determination of rate constant. 
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Figure 2.2.6. Plot of 1/[Cyclooctene] versus time for run 1. 
 
 
Figure 2.2.7. GC monitoring of the epoxidation of cyclooctene by TBHP (5.5 M in 
decane) in CD3CN/toluene catalyzed by [Cp*2Mo2O5] (C.1.1.36.) with a TBHP/cyclo-
octene ratio of 4. Conditions for run 2: 6.4 mg of catalyst (0.0119 mmol); 0.16 mL of 
cyclooctene (1.19 mmol); 0.86 mL of TBHP (5,5 M in decane; 4.76 mmol); 5.18 mL 
(3:1 CH3CN/Toluene) at 55°C. 
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Figure 2.2.8. GC monitoring of the epoxidation of cyclooctene by TBHP (5.5 M in 
decane) in CD3CN/toluene catalyzed by [Cp*2Mo2O5] (C.1.1.36.) with a TBHP/cyclo-
octene ratio of 2.  Conditions for run 3: 6.5 mg of catalyst (0.012 mmol); 0.16 mL of 
cyclooctene (1.2 mmol); 0.43 mL of TBHP (5,5 M in decane; 2.4 mmol); 4.64 mL (3:1 
CH3CN/Toluene) at 55°C. 
 
 
Figure 2.2.9. GC monitoring of the epoxidation of cyclooctene by TBHP (5.5 M in 
decane) in CD3CN/toluene catalyzed by [Cp*2Mo2O5] (C.1.1.36.) with a TBHP/cyclo-
octene ratio of 1. Conditions for run 4: 10.2 mg of catalyst (0.0189 mmol); 0.25 mL of 
cyclooctene (1.89 mmol); 0.34 mL of TBHP (5,5 M in decane; 1.89 mmol); 6.3 mL (3:1 
CH3CN/Toluene) at 55°C. 
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The initial rates measured for these reactions (on the reasonable hypothesis of a 
first order reaction in cyclooctene) are collected in Table 2.2.2. Like for the example 
shown in Figure 2.2.5, the initial rates were measured from the initial points of the 
conversion (convertion after 30 min), therefore the TBHP concentration can be assumed 
to remain approximately constant, even for the experiments run with a low 
[TBHP]/[cyclooctene] ratio.  
 
Table 2.2.2. Initial rates for the [Cp*2Mo2O5]-catalyzed epoxidation of cyclooctene by 
TBHP with different [TBHP]/[cyclooctene] ratios. 
[cyc] [TBHP] [TBHP]/ [cyc] [Cp*2Mo2O5] kobs/s-1 a kobs’/s-1M-1b 
0.30 0.30 1 0.0030 1.0x10-4 0.033 
0.258 0.517 2 0.00258 4.0x10-4 0.155 
0.23 0.92 4 0.0023 6.0x10-4 0.260 
0.196 1.57 8 0.00196 8.0x10-4 0.408 
a Measured from the initial slope (t = 30 min). b See definition in equation 2.2.4.  
 
Equation 2.2.2 can be written again as Equation 2.2.3 for y = 1.  
 
v = kobs [cyc]      (kobs = k[cat]x [TBHP]z) 
Equation 2.2.3. 
 
We can also make the reasonable assumption that the reaction is first order in 
catalyst (x = 1). Then, we can write the rate law as equation 2.2.4.  
 
v = kobs [cyc]      (kobs = k[cat] [TBHP]z ;  kobs’ = kobs/[cat] = k [TBHP]z) 
Equation 2.2.4. 
 
Since the catalytic runs were not carried out with exactly the same amount of 
catalyst, the parameter which is expected to give a simple relationship with [TBHP] is 
not kobs but rather kobs’ = kobs/[cat]. A plot of the kobs’ data as a function of [TBHP] gives 
a reasonable agreement with a straight line, which indicates a first order dependence (z 
= 1), see Figure 2.2.10. Therefore, from the slope of this plot we can derive the value of 
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the rate constant for the rate law of the cyclooctene epoxidation by TBHP, catalyzed by 
[Cp*2Mo2O5], in MeCN/toluene (2:1) at 55°C, as k = 0.264 s-1 M-2. In summary, the rate 
law for this catalyzed reaction seems to be that shown in equation 2.2.5, namely first 
order in catalyst, first order in cyclooctene, and first order in TBHP.  
 
 
Figure 2.2.10. Plot of kobs’ (as defined in equation 2.2.4) as a function of [TBHP]. 
 
 
 
v = k [cat] [TBHP] [cyc]   (k = 0.263 s-1 M-2 at 55°C) 
Equation 2.2.5. 
 
 It is now interesting to examine whether the current understanding of the 
catalytic cycle for the epoxidation process is consistent with this rate law and with the 
difference relative to the rate law for the oxidation by H2O2. Indeed, as we have 
mentioned in section 2.1, the previous kinetic investigation of the epoxidation by H2O2 
indicated a zero-order dependence on the oxidant (and a first order dependence on 
catalyst and cyclooctene).  
The first question is why the first-order dependence in cyclooctene gives rise to a 
clean logarithmic decay of the cyclooctene concentration when using H2O2, but not 
when using TBHP. As suggested above, a retardation effect related by the coordination 
of the tert-butanol by-product to the catalyst may account for a slow-down of the 
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reaction at high conversion and to the artificial deviation of the rate of consumption 
from that expected for the first-order decay. A possible site where the t-BuOH by-
product could coordinate is to the cationic species [Cp*MoO2]+, produced by self-
dissociation of [Cp*2Mo2O5], which could indeed serve as the catalytically active 
species. Therefore, the catalyst resting state could be initially the solvent stabilized 
adduct, [Cp*MoO2(MeCN)]+, which may then transform to [Cp*MoO2(tBuOH)]+ (or to 
the neutral [Cp*MoO2(OtBu)]) when the tBuOH by-product becomes available. If the 
product of tert-butanol addition is more stable than the product of acetonitrile addition, 
a retardation effect can be easily rationalized. The effect of donor solvents on the self-
dissociation of [Cp*2M2O5] (M = Mo, W) will be examined in the next chapter. When 
the oxidant is H2O2 (which is used as an aqueous solution), on the other hand, the by-
product of the reaction is water, which is present in the medium from the beginning of 
the reaction. Therefore, a retardation effect is not expected, whether the product of 
water addition is more stable than the product of MeCN addition or not.  
The second and most important difference is the reaction order in oxidant: zero-
order when using H2O2 and first-order when using TBHP. This difference can actually 
be rationalized in a rather simple way. Independently from the detailed mechanism of 
oxidant activation and oxygen transfer steps, all proposed mechanisms quite clearly 
agree on the fact that the first step is the oxidant activation, which is followed by 
oxygen atom transfer to the olefin substrate. In kinetic terms, this can be written as in 
scheme 2.2.1, where the first oxidant activation step by the active species (intermediate 
I1) yielding intermediate I2 is reversible, whereas the oxygen transfer step which yields 
the epoxide product and regenerates the active species I1 is irreversible (rate-
determining step). Working up the rate law for this scheme, using the typical Michaelis-
Menten approximations, affords equation 2.2.7.  
 
Scheme 2.2.1. Kinetic scheme for the [Cp*2M2O5]-catalyzed cyclooctene oxidation. 
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v = k2 [cat] [cyc] / {1/K1[TBHP] + 1} 
Equation 2.2.6. 
 
Two limiting situations can be identified for this rate law, as schematically 
indicated in the energy diagrams of figure 2.2.11 (A and B). In the first one (case A), 
the equilibrium of the first reversible step lies totally on the left (no significant 
population of intermediate I2; the catalytic resting state is intermediate I1). Under these 
conditions, the two terms in the denominator of equation 2.2.6. are 1/K1[TBHP] >> 1, 
and the equation simplifies to  
 
v = k2 K1 [cat] [cyc] [TBHP] 
Equation 2.2.7. 
 
On the other hand, in the other limiting situation (case B), the same equilibrium is 
totally shifted to the right, the resting state is intermediate I2 with no significant 
population of I1, 1/K1[TBHP] << 1, and the equation simplifies to 
 
v = k2 [cat] [cyc] 
Equation 2.2.8. 
 
 
Figure 2.2.11. Energy profiles of two limiting rate laws for the kinetic scheme shown in 
scheme 2.2.1. 
 
Therefore, the observed behavior can be rationalized if TBHP gives rise to the type-
A energetic profile whereas H2O2 gives rise to the type-B energetic profile. This 
difference can be easily understood in terms of steric bulk. The bigger t-Bu group 
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destabilizes the catalyst-oxidant adduct (intermediate I2). For instance, in the Thiel-
Sharpless mechanism shown in scheme 2.1.2.2, if the catalytically active species is 
[Cp*2Mo2O5], then intermediate I2 would be complex [Cp*O2Mo-O-
MoO(OH)(OOtBu)Cp*] (C.2.2.1.), where the steric crowding between the bulky tBu 
group and the bulky Cp* ligand is much more severe than in the corresponding 
intermediate obtained from H2O2.  
 
2.2.1.3. Effect of Temperature on the Epoxidation of Cyclooctene  
 
The temperature dependence of the catalytic reaction was investigated in the 
temperature range 35-65°C under standard conditions, namely with 1% catalyst and 
with a [TBHP]/[cyclooctene] ratio of 10, in order to insure pseudo-first order 
conditions. The results are shown in Figure 2.2.12. 
 
 
Figure 2.2.12. GC monitoring of the epoxidation of cyclooctene by TBHP (5.5 M in 
decane) in CD3CN/toluene catalyzed by [Cp*2Mo2O5] (C.1.1.36.) at different tempe-
ratures (35, 45, 55 and 65 °C). Conditions: 9 µmol of the catalyst, 9 mmol of TBHP (5,5 
M in decane); 0,9 mmol of cyclooctene; MeCN (12 mL), toluene (6 mL). 
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The cyclooctene decay was again affected by retardation at high conversions. 
Therefore the observed, pseudo-first order rate constant was obtained, like for the 
experiments described in the previous section, from the first-order decay analysis 
restricted to the initial phase of the reaction (< 40 min), as shown in Figure 2.2.13. The 
observed rate constants are collected in Table 2.2.3.  
 
Figure 2.2.13. First-order analysis of the cyclooctene decay for the kinetic data of 
Figure 2.2.14. 
 
The subsequent Eyring analysis of the data is not straightforward. According to 
transition state theory, the rate constant k of a bimolecular collision can be expressed as 
in equation 2.2.9 (h = Planck constant; kB = Boltzmann constant, R = universal gas 
constant). For the reaction being analyzed here, this would be appropriate for the second 
step of the process in Scheme 2.2.1, the reaction between intermediate I2 and 
cyclooctene. However, from the observed rate constants kobs we can derive at most the 
product (kK1), as shown in Equation 2.2.7 by dividing kobs by the concentrations of 
catalyst and TBHP. The values of (kK1) are also reported in Table 2.2.3. If we apply the 
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Eyring analysis to the (kK1) product, we can write equation 2.2.10. In this equation, the 
lnK1 term has been developed according to van’t Hoff’s expression of the temperature 
dependence of equilibrium constants.   
 
Table 2.2.3. Initial rates for the [Cp*2Mo2O5]-catalyzed epoxidation of cyclooctene by 
TBHP at different temperatures.a 
T/°C kobs/s-1 (kK1)/s-1 M-2
35 1.17·10-4 0.468 
45 3.57·10-4 1.43 
55 6.16·10-4 2.46 
65 1.22·10-3 4.88 
a For the reaction conditions, see the legend of Figure 2.2.12.  
 
 
ln[(kh)/(kBT)] =  - ΔG‡/RT =  -ΔH‡/RT  +  ΔS‡/R 
Equation 2.2.9. 
 
ln[(kK1h)/(kBT)] = ln[(kh)/(kBT)] + lnK1 =  - ΔG‡/RT  - ΔG°/RT 
=  -(ΔH‡ + ΔH°)/RT  +  (ΔS‡ + ΔS°)/R 
Equation 2.2.10. 
 
Consequently, the variable temperature study and the Eyring plot allow us to 
determine the sums (ΔH‡ + ΔH°) and (ΔS‡ + ΔS°) from the slope and the intercept, 
respectively. The plot (shown in Figure 2.2.14), yields indeed a relatively linear 
correlation and the values (ΔH‡ + ΔH°) = 15.1 kcal/mol and (ΔS‡ + ΔS°) = 37.4 cal 
(mol·K)-1. Unfortunately, the individual values of the thermodynamic and kinetic 
parameters for each step cannot be derived. These parameters reflect the differences 
between the rate-determining transition state and the resting state.  
One striking observation is the large positive value of the entropy parameter, 
whereas the high degree of ordering in the transition state (assembly of three molecules, 
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the oxidant, the substrate and the catalyst from the resting state to the transition state) 
would suggest that this parameter should be strongly negative. For comparison, the 
analogous Eyring analysis of the kinetics of the cyclooctene epoxidation by H2O2 (with 
the tungsten catalyst), which is a second order process as mentioned above, are ΔH‡ = 
10.2 kcal/mol and ΔS‡ = -32 cal (mol·K)-1 [33]. The negative value in this case is in line 
with the associative nature of the transition state relative to intermediate I2 and H2O2 
(Figure 2.2.11, case B). A possible explanation is that the pre-equilibrium for the TBHP 
system (Figure 2.2.11, case A) has a very positive ΔS°. This could result, for instance, 
from the presence of coordinated solvent molecules in the resting state, that need to 
dissociate in order to allow activation of the oxidant molecule.  
 
y = -7598,3x + 18,711
-7,0
-6,0
-5,0
-4,0
-3,0
2,9E-03 3,0E-03 3,1E-03 3,2E-03 3,3E-03
ln
(k
K
1h
/k
B
T)
1/T (K-1)
Figure 2.2.14. Eyring plot of the kinetic data in Table 2.2.3. 
 
2.3. Conclusion 
 
In this chapter, the ability of compounds [Cp*2M2O5] (C.1.1.23-36.) to act as 
epoxidation catalysts for the model olefin cyclooctene, previously shown when using 
aqueous H2O2 as oxidant in a 2:1 MeCN/toluene solution, has also been demonstrated 
when extending the system to the use of TBHP/decane as oxidant under the same 
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conditions. The previous work had shown the greater catalytic performance of the W 
system (50 times better than Mo) and a theoretical investigation on a modified Thiel-
Sharpless mechanism had indicated, in agreement with the experimental evidence, a 
lower activation barrier for the W catalyst. This is true whether H2O2 or a model alkyl 
hydroperoxide, MeOOH, is used as oxidant in the calculations. The results of the 
catalysis with TBHP/decane, however, have unexpectedly shown that the Mo system is 
a much better catalyst under these conditions. The kinetic analysis of the reaction has 
led to the elucidation of the rate law, which shows a first order dependence on TBHP, 
whereas the rate is zero-order in oxidant when using aqueous H2O2. This difference has 
been rationalized on the basis of the steric destabilization of the oxidant addition 
intermediate by the bulky tBu group. An Eyring analysis of the rate data in the 35-65°C 
range has provided the activation parameters for the catalytic cycle (enthalpy and 
entropy difference between the resting state and the rate-determining transition state).  
The puzzling results that remains for the moment without explanation is the much 
better performance of [Cp*2Mo2O5] (C.1.1.36.) as catalyst when using TBHP/decane as 
oxidant, whereas the W compound is a much better catalyst when using aqueous H2O2, 
under otherwise identical conditions. The effect of water on [Cp*2Mo2O5] (C.1.1.36.), 
as detailed in Chapter 3, is to favor a self-ionization process to generate 
[Cp*MoO2(H2O)]+ (C.2.1.8.) and [Cp*MoO3]- (C.1.1.35.). Prior to this thesis, the 
behavior of [Cp*2W2O5] (C.1.1.23.) with respect to this self-ionization process had not 
been explored. Also, the extent of self-ionization as a function of solvent was also 
unknown. It is possible to imagine, for instance, that the real catalyst is the cationic 
species and that the level of ionization is very different for the two compounds (greater 
for the W system), accounting for the greater activity of the W system in the presence of 
water. On the other hand, the W catalyst may be less active in the absence of water 
because of a more efficient side reaction that results in removal of the active species. In 
order to throw more light onto this phenomenon, the speciation of the [Cp*2M2O5] (M = 
Mo, W) (C.1.1.23-36.) compounds under a variety of conditions, and particularly in the 
presence of water and alcohols, will be examined in the next chapter.  
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2.4. EXPERIMENTAL SECTION 
 
 
2.4.1. General procedure 
 
All preparations and manipulations were carried out with Schlenk techniques 
under an argon atmosphere. Solvents were dried by standard procedures and distilled 
under argon prior to use. 1HNMR spectra were recorded on a Bruker AM 250, operating 
at 250 MHz. Chemical shifts are expressed in ppm downfield from Me4Si. Coupling 
constants are given in Hertz. The gas chromatographic analysis were completed by 
using Agilent 7890 A instrument equipped SPB-5 column. [Cp*2Mo2O5] (C.1.1.36.) 
was prepared as described in the literature [35]. Cyclooctene (Fluka), dodecane 
(Aldrich) and tBuOOH solution 5.5.M in decane (Aldrich) was used as received. 
 
2.4.2. Catalytic epoxidation experiments monitored by 1H NMR 
 
The catalytic reactions were performed in an NMR tube at room temperature. 
For each experiment, the NMR tube was charged with cyclooctene (0.086 g, 0.78 
mmol) and 0.3 mL of deuterated solvent (CDCl3, MeOD, CH3CN, (CD3)2CO). 
Subsequently the catalyst ([Cp*2Mo2O5]; 4.2 mg, 7.8 µmol) was added and finally the 
catalytic reaction was started by the addition of tert-butylhydroperoxide (283 µL of a 
5.5 M solution in decane, 1.56 mmol) the catalytic reaction was started and monitored 
by NMR. After 15 minutes, formation of a precipitate in considerable quantities was 
observed in all solvents except in acetonitrile. All attempts to isolate the precipitate 
(which is soluble only in dmso and acetonitrile) were unsuccessful. The % yield of 
cyclooctene oxide was calculated from the NMR intensity. 
 
2.4.3. Catalytic epoxidation experiments monitored by gas chromatography 
 
The epoxidation of cyclooctene was carried out under an argon atmosphere in a 
Schlenk tube equipped with magnetic stirrer. In a typical experiment (corresponding to 
run 1), the tube was charged with 132.6 mg (1.2 mmol) of cyclooctene, the internal 
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standard dodecane (134.9 mg), the catalyst (12 µmol), and TBHP (as a 5.5 M solution 
in decane, 2.4 mmol) in 4 mL of acetonitrile/toluene (3:1). The epoxidation of 0.9 mmol 
of cyclooctene was carried out at different temperatures from 35°C to 65°C in the 
presence of 9 mmol of TBHP (5.5 M in decane) and 9 µmol of the catalyst for 3 hours.  
Aliquots of the reaction mixture (0.2 mL) were withdrawn at predetermined times, 
treated with a small amount of manganese dioxide, diluted with 2 mL of diethyl ether 
and filtered using a Pasteur pipette filled up with silica to eliminate the residual MnO2. 
The silica column was washed by 3 mL diethyl ether. The resulting organic phase was 
analyzed using a gas chromatograph equipped with a capillary column (SPB-5, 30 m x 
0,25 mm x 0,25 µm) and with a flame ionization detector. 
 
REFERENCES 
 
1. Oyama S. T., Mechanisms in Homogeneous and Heterogeneous Epoxidation 
Catalysis, Elsevier, Oxford, 2008, 4 
2. Meunier B., Guilmet E., Carvalho M. De, Poilblanc R., J. Am. Chem. Soc., 1984, 
106, 6668. 
3. Battioni P., Renaud J. P., Bartoli J. F. M., Reina-Artiles M., Fort M., Mansuy D., 
J. Am. Chem. Soc., 1988, 110, 8462. 
4. Collman J. P., Lee V. J., Kellen-Yuen C. J., Zhang X., Ibers J. A., Brauman J. I., 
J.Am. Chem. Soc., 1995, 117, 692. 
5. Murphy A., Bubois G., Stack T. D. P., J. Am. Chem. Soc., 2003, 125, 5250. 
6. Groves J. T., Stern M. K., J. Am. Chem. Soc., 1988, 110 8628. 
7. Martins A. M., Romão C. C., Abrantes M., Azevedo M. C., Cui J., Dias A. R., 
Duarte M. T., Lemos M. A., Lourenço T., Poli R., Organometallics, 2005, 24, 
2582 – 2589. 
8. Dean J. A., Lange’s Handbook of Chemistry, 4th ed., McGraw-Hill, New York, 
NY, 1973, pp. 4–32. 
9. Sheng M. N., Zajacek J. G., British Patent GB 1,136,923, 1968, To Atlantic 
Richfield, Co. 
 
 
 
 
80 
 
10. Taylor P. D., Mocella M. T., Recovery of molybdenum as an aqueous solution 
from spent catalyst, US Patent 4,315,896, Feb. 16, 1982, To Atlantic Richfield, 
Co. 
11. Sweed N. H., Molybdenum epoxidation catalyst recovery, US Patent 4,455,283, 
June 19, 1984,To Atlantic Richfield Co. 
12. Poenisch R. B., Process for the recovery of molybdenum from organic solutions, 
US Patent 4,485,074, Nov. 27, 1984, To Atlantic Richfield Co. 
13. Isaacs B. H., Regeneration of soluble molybdenum catalysts from spent catalyst 
streams, US Patent 4,598,057, July 1, 1986, To Atlantic Richfield Co. 
14. Shih T. T., Lower alkylene oxide purification, US Patent 5,133,839, July 28, 
1992, To ARCO Chemical Technology, L.P. 
15. Sergienko V. S., Structural characteristics of peroxo complexes of group IV and 
V transition metals, Review, Crystallogr. Rep. 49, 2004, 907. 
16. Brill W. F., Indictor N., Reactions of t-butyl hydroperoxide with olefins, J. Org. 
Chem. 29, 1964, 710. 
17. Sheldon R. A., Kochi J. K., Metal-Catalyzed Oxidations of Organic Compounds, 
Academic Press, New York, 1981. 
18. Sheldon R. A., Van Doorn J. A., J. Catal., 1973, 31, 427. 
19. Chong A. O., Sharpless K. B., Mechanism of the molybdenum and vanadium 
catalyzed epoxidation of olefins by alkyl hydroperoxides, J. Org. Chem., 1977, 
42, 1587. 
20. Mimoun H., J. Mol. Catal., 1980, 7, 1. 
21. Mimoun H., Angew. Chem. Int. Ed. Engl., 1982, 21, 734. 
22. Sharpless K. B., Townsend J. M., Williams D. R., J. Am. Chem. Soc., 94, 295, 
1972. 
23. Trost M.B., Bergman R.G., Organometallics, 1991, 10, 1172. 
24. Chakraborty D., Bhattacharjee M., Krätzner R., Siefken R., Roesky H. W., Usón 
I., Schmidt H.G., Organometallics, 1999, 18, 106 
25. Abrantes M., Santos A. M., Mink J., Kühn F. E., Romão C. C., Organometallics, 
2003, 22, 2112  
26. Collange E., Garcia J., Poli R., New J. Chem., 2002, 26, 1249-1256. 
 
 
 
 
81 
 
27. Poli R., Chem. Eur. J., 2004, 10, 332 
28. Zhao J., Santos A. M., Herdtweck E., Kühn F. E., J. Mol. Catal. A: Chem, 2004, 
222, 265 
29. Thiel W. R., Priermeier T., Angew. Chem., Int. Ed. Engl. 1995, 34, 1737-1738 
30. Comas-Vives A., Lledós A., Poli R., Chem. Eur. J. 2010, 16, 2147. 
31. Lane B. S., Burgess K., Chem. Rev., 2003, 103, 2457 
32. Costa P. J., Calhorda M. J., Kühn F. E., Organometallics 2010, 29, 303-311 
33. Dinoi C., Ciclosi M., Manoury E., Maron L., Perrin L., Poli R., Chem. Eur. J., 
2010,16, 9572 
34. Ciclosi M., Dinoi C., Gonsalvi L., Peruzzini M., Manoury E., Poli R., 
Organometallics, 2008, 27, 2281  
35. Dinoi C., Taban G., Sözen P., Demirhan F., Daran J-C., Poli R., J. Organomet. 
Chem. 2007, 692, 3743–3749. 
 
 
 
 
 
82 
 
 
 
 
 
83 
 
CHAPTER 3 
 
BEHAVIOR OF [Cp*2W2O5] IN POLAR AND APOLAR SOLVENTS:  
ACIDIC AND BASIC CONDITIONS 
 
3.1. Introduction 
  
Homogeneous organometallic catalysis is now a well established methodology in 
organic synthesis and especially in the synthesis of fine chemicals. This is mainly due to 
the high activities and selectivities (regio- and stereoselectivity) generally achieved in 
these processes, as well as the very mild conditions used in these metal-catalyzed 
transformations. However most of these developments have been carried out in organic 
solvents. Although chemical transformations in living systems occur in an aqueous 
environment, it was only in 1960s that a breakthrough was achieved in the use of water 
as a solvent in organometallic catalysis [1-4]. 
Water has many advantages over the usual organic solvents. It is effectively one 
of the least expensive solvents. It is also safer than the usual solvents which are often 
inflammable. Finally, water is environmentally friendly and could obviously diminish 
the problems of pollution by volatile organic solvents. During the last 20 years the use 
of soluble organometallic catalysts has also led to important advances. Now very good 
enantioselectivities, higher than 95%, have been obtained in many typical reactions such 
as hydrogenation of carbon-carbon or carbon-oxygen double bonds, isomerization, 
epoxidation, bishydroxylation, and allylic alkylation [5].  
The coordination sphere of high oxidation state metals typically involves 
electronegative and π-donating ligands such as the halides or negatively charged 
oxygen-based (oxo, alkoxo) or nitrogen-based (nitrido, imido, amido) ligands. These 
conditions confer a high degree of covalency to any metal–carbon bond, which 
consequently becomes quite resistant to hydrolytic conditions. The cyclopentadienyl 
ligands are perhaps the most compatible organic fragments in this area of 
organometallic chemistry. It is therefore somewhat surprising that the physical behavior 
and chemical reactivity of high oxidation state organometallics is not systematically 
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investigated in water, although some of these systems are synthesized in water or by the 
use of aqueous reagents [7]. 
An oxo ligand is nothing else than a doubly deprotonated water molecule (Scheme 
3.1.), and conventional wisdom tells us that an increase of the metal oxidation state 
increases the acidity of the oxygen-bound protons, stabilizing the oxo form. Aqua 
complexes will be more favored, on the other hand, in the lower oxidation states. 
Therefore, a redox-active metal offers ways to activate an oxo ligand by transformation 
to an aqua ligand (a useful source of an open coordination site) upon reduction, or to 
transform a water molecule into a potential oxygen transfer agent upon oxidation [6]. 
 
M OH2 M OH
- H+
+ H+
- H+
+ H+ M O
 
Scheme 3.1. Transformation of water molecule to oxo form 
 
Organometallic compounds in high oxidation states, mostly supported by oxido 
ligands, have emerged as high performance materials for oxidation catalysis [9-12]. 
Half-sandwich MoVI complexes, in particular, have recently shown impressive activities 
as catalysts for olefin epoxidation [13-16]. Our group has been interested in the solution 
behavior and reactivity of the archetypical pentamethylcyclopentadienylmolybdenum 
(VI) derivative, [Cp*2Mo2O5] (C.1.1.36.), [7,17-23] and has also reported its catalytic 
activity in cyclooctene epoxidation under a variety of conditions [24,25]. 
Recently, our group has shown that the tungsten analogue, [Cp*2W2O5] 
(C.1.1.23.), now accessible by an improved and simplified synthesis, as shown in 
Chapter 1 [21], outperforms the molybdenum analogue as an epoxidation catalyst when 
using H2O2 as oxidant in MeCN [25]. Under the same conditions the reaction takes 
place 50 times faster than with molybdenum analog. In addition, increasing the 
concentration of H2O2 slows down the reaction because of an inhibiting effect of greater 
amount of water. A higher catalytic activity for [Cp*2W2O5] (C.1.1.23.) compared to 
Mo system (by a factor of 100) had also been previously established for the oxidation of 
thiophene derivates by our group [35].  
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On the other hand, as detailed in the previous chapter, the Mo compound is a far 
better catalyst than the W analogue when the epoxidation reaction is carried out using 
TBHP/decane (hence, a water-free reagent) under otherwise identical conditions 
(MeCN/toluene solution). These observations have interrogated us not only about the 
detailed catalytic mechanism, but also in terms of the behavior of the catalyst in 
solution, particularly in MeCN. This chapter will therefore address the behavior of 
[Cp*2Mo2O5] (C.1.1.36.) and [Cp*2W2O5] (C.1.1.23.) in a variety of solvents with 
particular attention to the effect of water addition. First, we will remind in the next 
section the already established behavior of the Mo compound in a water-methanol 
mixture.  
 
3.2. Chemistry of [Cp*2Mo2O5] in Water-Methanol at Acidic and Basic Media 
 
For some time, our group has investigated the properties, chemical reactivity and 
catalytic behavior in oxidation chemistry of compound [Cp*2Mo2O5] (C.1.1.36.), which 
is stable both in air and in water in the entire pH range (0-14). A thorough investigation 
of the speciation of this compound in a water-methanol (80:20) mixture, which included 
equilibrium and rapid kinetics experiments has yielded information on the speciation of 
Cp*MoVI in the full pH range as well as the rate and mechanism of interconversion 
between the various species that are present in solution, as summarized in Scheme 3.2.1. 
[7]. This study could not be carried out in pure water because of insufficient solubility.  
The basic form, [Cp*MoO3]− (C.1.1.36.), remains the only species at pH>6, 
whereas the thermodynamically stable acidic form, [Cp*MoO2(H2O)]+ (C.2.1.8.), 
dominates at pH<2. In the intermediate pH range, both forms are present and a minor 
amount of neutral [Cp*MoO2(OH)] (C.2.1.9.) also remains present at equilibrium. 
Compound [Cp*2Mo2O5] (C.1.1.36.) is a strong electrolyte in this solvent 
combination, producing the [Cp*MoO2]+ (C.3.1.1.) and [Cp*MoO3]- (C.1.1.35.) ions in 
equilibrium with a small amount of [Cp*MoO2(OH)] (C.2.1.9.), the latter attaining ca. 
15% relative amount at pH 4. At low pH (< 2.5) [Cp*MoO2]+ (C.3.1.1.), which is 
stabilized by weak coordination of a water molecule to yield [Cp*MoO2(H2O)]+ 
(C.2.1.8.), is essentially the only species present in solution, while the anion 
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[Cp*MoO3]- is the dominant species at pH > 6. The acid dissociation constant of 
[Cp*MoO2(OH)] (C.2.1.9.) has been measured directly (pKa = 3.65±0.02) while the pKa 
for the protonation equilibrium leading to [Cp*MoO(OH)2]+ (C.3.1.2.) is estimated as < 
0. The three trioxygenated species establish rapid proton transfer equilibria among 
themselves, but transform to the dioxo species [Cp*MoO2(H2O)]+ (C.2.1.8.) by two 
slower and independent first-order pathways: intramolecular proton transfer from 
[Cp*MoO(OH)2]+ (C.3.1.2.) and the kinetically less favoured protonation of OH- in 
[Cp*MoO2(OH)] (C.2.1.9.) (the kinetically more favored but thermodynamically less 
favored protonation site is the oxido ligand) [7].  
 
 
 
Scheme 3.2.1. Speciation of Cp*Mo(VI) in 20:80 MeOH-H2O 
 
A stopped-flow kinetics experiment showed that the acidification of [Cp*MoO3]- 
(C.1.1.35.) immediately affords [Cp*MoO2(OH)] (C.2.1.9.), which decays 
(quantitatively at pH < 3) to [Cp*MoO2(H2O)]+ (C.2.1.8.) with a rate law showing a 
first-order dependence on the proton concentration. This behavior is interpreted as 
resulting from a fast and reversible protonation of [Cp*MoO2(OH)] (C.2.1.9.) to afford 
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the [Cp*MoO(OH)2]+ (C.3.1.2.) intermediate, which then slowly evolves to 
[Cp*MoO2(H2O)]+ (C.2.1.8.). It is straightforward to propose that the slow step 
corresponds to the intramolecular proton transfer (Scheme 3.2.2.).  
 
[Cp*MoO3]
[Cp*MoO(OH)2]
[Cp*MoO2(OH)][Cp*MoO2(H2O)]
+
+
 H+
 H+
 H+
 H+
+
+
k+1
k-1
 
Scheme 3.2.2. Ionization of [Cp*2Mo2O5] (C.1.1.36.) in 20%MeOH-H2O 
 
The implication of the above proposition and of Scheme 3.2.2. is that the 
dinuclear complex [Cp*2Mo2O5] (C.1.1.36.) ionizes in the 20%MeOH–H2O solution to 
initially produce a 1:1 mixture of the [Cp*MoO2]+ (C.3.1.1.) and [Cp*MoO3]- 
(C.1.1.35.) ions, as in Equation 3.2.1. Then, the former is stabilized by water 
coordination to generate [Cp*MoO2(H2O)]+ (C.2.1.8.).  
 
[Cp*2Mo2O5](s)  [Cp*2Mo2O5](solv)  [Cp*MoO2]+(solv)  +[Cp*MoO3]-(solv) 
Equation 3.2.1. 
 
The ionic nature of [Cp*2Mo2O5] (C.1.1.36.) in 20% MeOH–H2O was confirmed 
by electrical conductivity studies, as shown in Figure 3.2.1 [7]. Under the validity of 
Equation 3.2.1., it was suggested that the known [Cp*MoO2Cl] (C.2.1.2.) complex 
would also ionize in the same medium (Equation 3.2.2.) and the conductivity study of 
solutions of this compound fully confirmed this hypothesis (Fig. 3.2.1.) [7]. 
 
[Cp*MoO2Cl](s)  [Cp*MoO2Cl](solv)  [Cp*MoO2]+(solv)  + Cl-(solv) 
Equation 3.2.2. 
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Figure 3.2.1. Molar conductivity of a 20% MeOH–H2O solution of [Cp*2Mo2O5] 
(C.1.1.36.) (diamonds) or [Cp*MoO2Cl] (C.2.1.2.) (triangles) as a function of 
concentration [7]. 
 
Compound [Cp*2Mo2O5] (C.1.1.36.) is soluble in all common organic solvents 
and essentially insoluble in pure water. This indicates that the left hand side equilibrium 
of Equation 3.2.1. (dissolution of molecular [Cp*2Mo2O5]) is highly sensitive to the 
hydrophobic nature of the molecule. However, the right hand side equilibrium of 
Equation 3.2.1. is highly sensitive to the dielectric constant. This view was confirmed 
by the comparison of the molar conductivities in different solvents at a 4x10-4 M 
concentration (Table 3.2.1.) [7]. Thus, the water-rich solvent mixture favors an 
essentially complete ionization. 
Whereas [Cp*2Mo2O5] (C.1.1.36.) and [Cp*MoO2Cl] (C.2.1.2.) do not conduct 
electricity when dissolved in all common organic solvents (including pure methanol), 
the molar conductivity in water/ methanol mixtures grows steadily as the percent water 
increases. The known speciation and thermodynamic parameters led to excellent fits for 
the electrical conductivity and pH as a function of concentration for both [Cp*2Mo2O5] 
(C.1.1.36.) and [Cp*MoO2Cl] (C.2.1.2.) (Figures 3.2.2. and 3.2.3) [7]. Each fit is an 
independent verification of the validity of Scheme 3.1.2. The speciation shown in 
Scheme 3.2.1. is evidently valid only in the given solvent mixture. Evidence for the 
presence of higher nuclearity species such as [Cp*3Mo3O7]+ (C.3.1.3.) in methanol-
richer mixtures was provided by additional analytical studies [33]. 
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Table 3.2.1. Molar conductivies for 4x10-4 M solutions of [Cp*2Mo2O5] (C.1.1.36.) in 
different solvents. 
Solvent Λa/Ohm-1 cm2 mol-1 
MeCN  0b 
CH2Cl2  0 
EtOH  0.4 
Acetone  0.8 
MeOH  4.2 
20% MeOH–H2O  102 
a Corrected for the molar conductivity of the pure solvent. b In this solvent, the 
measured conductivity was smaller for the solution than for the pure solvent. 
 
 
Figure 3.2.2. pH of solutions of compounds [Cp*2Mo2O5] (C.1.1.36.) (squares) and 
[Cp*MoO2Cl] (C.2.1.2.) (triangles) in 20% MeOH/H2O. The curves are calculated on 
the basis of Scheme 3.2.1. [7]. 
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Figure 3.2.3. Conductivity of solutions of compounds [Cp*2Mo2O5] (C.1.1.36.) 
(diamonds) and [Cp*MoO2Cl] (C.2.1.2.) (triangles) in 20% MeOH/H2O. The curves are 
calculated on the basis of Scheme 3.2.1. [7]. 
 
The systematic investigation of high oxidation state organometallic complexes in 
water can therefore open new perspectives for aqueous catalysis and, when a highly 
redox active metal is selected, also for electrocatalysis. For instance, substrates that are 
capable of replacing water in the coordination sphere may become susceptible to accept 
electrons from the metal and protons from the medium, yielding a hydrogenated product 
by use of proton and electrons (instead of molecular hydrogen) and regenerating a 
higher oxidation state oxo or hydroxo complex. Conversely, catalytic oxidations may be 
achieved by using water as a source of oxygen, by removing protons and electrons. 
In this thesis the speciation behavior of the related tungsten compound 
[Cp*2W2O5] (C.1.1.23.) has been investigated, mostly through a 1H NMR investigation 
in a variety of coordinating and dissociating solvents. The tungsten compound is less 
soluble and less colored than the molybdenum analogue and thus cannot be 
conveniently investigated by UV-visible spectroscopy, combined with stopped-flow 
kinetics, which was the method used to investigate the speciation of [Cp*2Mo2O5] 
(C.1.1.36.) [7]. Nevertheless, the NMR study provides useful information on the 
distribution of various species derived from [Cp*2W2O5] (C.1.1.23.) under different 
conditions in a variety of solvents, which serves as useful reference for the catalytic 
applications.  
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Upon carrying out 1H NMR measurements of compound [Cp*2W2O5] (C.1.1.23.) 
in a variety of coordinating solvents, we have unexpectedly observed two 1H NMR 
resonances under certain conditions, whereas only one resonance was observed at δ 2.18 
in CDCl3 solution in agreement with the literature (apparently only CDCl3 has 
previously been used to investigate the 1H NMR properties of this compound) [21, 27]. 
The details of these resonance will be shown in a later section. This suggests the 
generation of at least two species. On the basis of the previous work on the Mo 
analogue [7] a first obvious hypothesis is a self-dissociation into solvated cation and 
anion (Equation 3.2.3). For comparison purposes, the same 1H NMR investigations 
were also carried out on the molybdenum compound [Cp*2Mo2O5] (C.1.1.36.), since 
this was also not investigated in details except for non ionizing solvents.  
 
[Cp*2M2O5]  + Solvent     [Cp*MO2(Solvent)]+  +  [Cp*MO3]- 
(M = Mo, W) 
Equation 3.2.3 
 
3.3. Electrical Conductivity Studies of [Cp*2W2O5] 
 
An obvious verification of ionic dissociation for the title compound can be 
provided by the electrical conductivity in solution. This was measured in acetone, 
DMSO, methanol and acetonitrile, which are four relatively strong coordinating and 
dissociating solvents, as well as in a 1:4 MeOH-H2O mixture. The results are shown in 
Table 3.3.1. and compared with those of the related [Cp*2Mo2O5] (C.1.1.36.). The 
sodium salt Na[Cp*WO3] (C.1.5.1.) has also been studied in order to provide a useful 
reference and the results are equally shown in Table 3.3.1.  
A first relevant observation is that the conductivity of [Cp*2W2O5] (C.1.1.23.) is 
relatively similar, though systematically a bit greater, than that of [Cp*2Mo2O5] 
(C.1.1.36.), in all solvents. This indicates a greater dissociation constant for equilibrium 
(3.2.3.) for the W compound, namely a greater tendency to behave as a weak 
electrolyte. Particularly remarkable is the very high conductivity value in MeOH-H2O. 
Before further commenting on this value, it is interesting to compare the conductivity 
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values of [Cp*2W2O5] (C.1.1.23.) with those of Na[Cp*WO3] (C.1.5.1.), for which an 
ionic formulation is unambiguous.  
 
Table 3.3.1. Molar conductivities for 4·10-4 M solutions of [Cp*2M2O5] (M = Mo, W) 
(C.1.1.23-36.) in different solvents (in ohm-1·cm2·mole-1) 
aValues from the previously published study [7]. bNot totally dissolved. cRange of 
reference values reported [28] for 10-3 M solutions. dRange of values extrapolated at 
infinite dilution for a series of alkali metal and tetraalkylammonium salts [29].  
 
The molar conductivity of the sodium salt in DMSO and in MeOH is within the 
range typically observed for 1:1 salts, while the values in acetone and acetonitrile are 
smaller. This could be the result of the sparing solubility of the compound in the two 
latter solvents (transparent solutions could not obtained even at the low 4·10-4 M 
concentration). However, another reason for these low values is extensive ion pairing, 
which was confirmed by the NMR study (see below). Compound Na[Cp*WO3] 
(C.1.5.1.) is probably 100% in the form of solvated ions in the MeOH-H2O mixture, 
where the measured molar conductivity is again rather high, but not as high as that of 
[Cp*2W2O5] (C.1.1.23.). Even assuming that the dissociation of [Cp*2W2O5] (C.1.1.23.) 
according to equation 3.2.3. is total, it seems unreasonable to imagine that the greater 
mobility value of the dinuclear compound results from a greater mobility of to the 
[Cp*WO2(H2O)]+ (C.3.1.4.) ion relative to Na+. Large organic cations are known to 
have decreasing mobility when the bulk of the organic substituents increases (for 
Solvent [Cp*2Mo2O5] [Cp*2W2O5] Na+[Cp*WO3]- 1:1 salts 
Acetone 0.8a 1.3 5.5b 100-140c
DMSO 0.5 2.3 22.1 24-44d
Acetonitrile 0a 2.6 11.5b 120-160c
Methanol 4.2a 4.9 117.4 80-115c
Methanol-Water (20:80) 102a 313.7 214.8  
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instance, 44.42 for Me4N+, 23.22 for Pr4N+ and 19.31 for Bu4N+, vs. 50.20 for Na+ in 
pure H2O at 25°C) [30].  
A reasonable hypothesis to account for this exceptionally high conductivity is the 
production of protons (for which the mobility in pure water is around 350 ohm-
1·cm2·mole-1). Namely, following the self-dissociation of equilibrium 3.2.3., hydrolysis 
may take place more or less extensively in the presence of water with production of 
protons according to equations (3.3.1.) and (3.3.2) (M = Mo, W). This phenomenon 
indeed was proven to occur for the Mo compound as discussed in section 2.1 (Scheme 
3.2.1.). For the two acid dissociation equilibria (eq. 3.3.2. and 3.3.1), pKa values of 4.19 
[26] and 3.65±0.02 [3] were accurately measured.. Since the Lewis acidity of Mo and W 
is quite similar, leading to comparable expected acidities (for instant, the first and 
second pKa values of H2MO4 have been estimated in the 3.5-4 and 3.6-4.7 ranges for 
Mo and in the 3.5-4.1 and 4.0-4.6 ranges for W, respectively) [31], dissolution of 
[Cp*2W2O5] (C.1.1.23.) in neutral water can also be predicted to generate a fair amount 
of protons. Indeed, after dissolution of [Cp*2W2O5] (C.1.1.23.) at a concentration of 
4·10-4 M, the MeOH-H2O solution exhibited a pH value around 4. Hence, the much 
greater value observed for the conductivity of [Cp*2W2O5] (C.1.1.23.) relative to 
[Cp*2Mo2O5] (C.1.1.36.) can be attributed to either a more extensive ionic dissociation 
of the W dinuclear compound, or to a more extensive hydrolysis of the 
[Cp*WO2(H2O)]+ (C.3.1.4.) ion, or to a combination of both effects.  
 
[Cp*MO2(H2O)]+  + H2O     [Cp*MO2(OH)]  +  H3O+ 
Equation 3.3.1. 
 
[Cp*MO2(OH)]  + H2O     [Cp*MO3]-  +  H3O+ 
Equation 3.3.2.  
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3.4. 1H NMR Studies of [Cp*2W2O5] in Acetone-d6, DMSO-d6, CD3OD and 
CD3CN 
 
For clarity reasons, we first present the 1H NMR investigation of [Cp*2Mo2O5] 
(C.1.1.36.) and [Cp*2W2O5] (C.1.1.23.) in D2O/CD3OD (4:1), namely conditions 
closely related to those of the conductivity study. Subsequently, the results of the 
studies are shown in organic solvents, starting with CD3OD, then DMSO-d6, acetone-d6 
and CD3CN, in the order that appears to us most suitable for a clearer understanding of 
this complex system. The spectra of Na+[Cp*WO3]- (C.1.5.1.) will also be measured for 
comparison. The literature reports only the 1H NMR properties of the [Cp*2M2O5] (M = 
Mo, W) (C.1.1.23-36.) compounds in CDCl3 or CD2Cl2, where only a single resonance 
was observed (Mo: δ 2.01, 1.99; W: δ 2.16, 2.13 in CDCl3 and CD2Cl2, respectively) 
[27, 32].  
 
3.4.1. Investigations of the Cp*MVI systems (M = Mo, W) in D2O/CD3OD (4:1) 
 
The spectrum of a solution of [Cp*2Mo2O5] (C.1.1.36.) without any additive 
exhibits two peaks, a weaker one at δ 2.077 and a stronger one at δ 1.961 (relative ratio: 
30:70) (Figure 3.4.1., spectrum c). Addition of a strong acid (CF3COOH, TFA) to this 
solution results in an intensity increase for the smaller, lower field resonance, whereas 
the stronger resonance disappears and is replaced by a smaller resonance at δ 2.091 ( 
Figure 3.4.1., spectrum b, relative intensity 65:35). Further addition of excess TFA did 
not have any effect on the resonances (same positions and relative intensities, Figure 
3.4.1. spectrum a). In the latter solution, an estimated residual acid concentration of ca. 
8.2x10-3 M should yield a pH around 2. Addition of base (NEt3), on the other hand, 
resulted in disappearance of the δ 2.077 resonance and a shift of the major resonance to 
δ 1.942 (Figure 3.4.1., spectrum d). Further addition of excess NEt3 had no effect 
(Figure 3.4.1., spectrum e).  
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1.71.81.922.12.2
δ/ppm
(a)
(b)
(c)
(d)
(e)
 
Figure 3.4.1. 1H NMR spectra of the Cp*MoVI system in D2O/CD3OD (4:1). 
Compound [Cp*2Mo2O5] (C.1.1.36.) (0.5 mg, 1.8·10-3 mmol of Mo in ca. 0.5 mL) with: 
(a) 0.5 µL (3.2 equiv.) of CF3COOH; (b) 0.1 µL (0.7 equiv.) of CF3COOH; (c) without 
additives; (d) 1 µL (4.1 equiv.) of NEt3; (e) 5 µL (20.6 equiv.) of NEt3. 
 
The behavior of a solution of [Cp*2W2O5] (C.1.1.23.) parallels quite closely that 
of the [Cp*2Mo2O5] (C.1.1.36.) congener. Two peaks, a weaker one at δ 2.244 and a 
stronger one at δ 2.128 (relative ratio: 30:70), are observed in the absence of additives, 
(Figure 3.4.2., spectrum d). Addition of incremental amounts of TFA caused a gradual 
increase of the intensity of the δ 2.244 resonance, whereas the other resonance shifted 
downfield and decreased in intensity (position and relative intensities are δ 2.174 and 
49:51 in spectrum c, δ 2.219 and 60:40 in spectrum b, δ 2.210 and 66:34 in spectrum a 
(Figure 3.4.2.). In the last solution, the estimated residual acid concentration is 0.6 M 
for a pH of ca. 0.2 and the strong acidity may have an effect on the resonance positions 
(the downfield resonance, which remains unshifted at δ 2.244 on going from c to b, 
slightly moves to δ 2.228 on going to spectrum a). Addition of NEt3 to the neutral 
solution, on the other hand, led to disappearance of the δ 2.244 peak and to an upfield 
shift of the second one to δ 2.067, spectrum e. The latter resonance corresponds to 
[Cp*WO3]-, since the independent measurement of a solution of the sodium salt shows a 
resonance at essentially the same chemical shift (δ 2.064), spectrum f (Figure 3.4.2.). 
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1.922.12.22.3
δ/ppm
(a)
(b)
(c)
(d)
(e)
(f)
 
Figure 3.4.2. 1H NMR spectra of the Cp*WVI system in D2O/CD3OD (4:1). Compound 
[Cp*2W2O5] (C.1.1.23.) (7.0 mg, 19.5·10-3 mmol of W in ca. 0.8 mL) with: (a) 40 µL of 
CF3COOH (27 equiv.); (b) 20 µL of CF3COOH (13.4 equiv); (c) 10 µL of CF3COOH 
(6.7 equiv); (d) without additives; (e) 20 µL of NEt3 (7.6 equiv). (f) Compound 
Na[Cp*WO3] (C.1.5.1.) (10mg,  in ca. 0.5 mL). 
 
These NMR results can be rationalized on the basis of the established speciation 
of Cp*MoVI in H2O-MeOH and on the interconversion mechanism between the various 
species, as discussed in section 2.1 (Scheme 3.2.1.), which is repeated for convenience 
in Scheme 3.4.1. [7, 26]. Specifically: (i) the protonation of [Cp*MoO3]- to 
[Cp*MoO2(OH)] (C.2.1.9.) is faster than the time of mixing in a stopped-flow kinetics 
experiment (ca. 1 ms), therefore proton self-exchange (equation 3.4.1, M = Mo) should 
lead to a single, pH-dependent average resonance for these two species in the fast 
exchange limit; (ii) the second protonation is equally fast when taking place on a second 
oxido ligand but is visible only at very low pH (< 0), leading to [Cp*MoO(OH)2]+ 
(C.3.1.2.); the latter, however, slowly and irreversibly converts to a more stable 
dioxido-aqua complex, [Cp*MoO2(H2O)]+ (C.2.1.8.); (iii) the latter complex 
equilibrates rapidly with [Cp*MoO2]+(C.3.1.1.), hence the water exchange process must 
take place dissociatively and only one resonance is expected for these two species; (iv) a 
small amount of the neutral [Cp*MoO2(OH)] (C.2.1.9.), remains in equilibrium with the 
two ionic species at intermediate pH values.  
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Scheme 3.4.1.  Proposed interpretation of the 1H NMR results for [Cp*2W2O5] 
(C.1.1.23.) in polar donor solvents (S = solvent; B = base). 
 
[Cp*MO2(OH)]  +  [Cp*MO3]-    [Cp*MO3]-  + [Cp*MO2(OH)]  (M = Mo, W) 
Equation 3.4.1. 
 
On the basis of this knowledge, the pH-dependent high-field resonances in 
Figure 3.4.1. and Figure 3.4.2. are assigned to the rapidly equilibrating [Cp*MO3]-
/[Cp*MO2(OD)] mixtures, the former compound being the only species remaining after 
addition of NEt3 and the latter one dominating under strongly acidic conditions. The 
lower field resonance, on the other hand, could be attributed to the cationic form, 
[Cp*MO2(D2O)]+, for which the exchange with the neutral complex [Cp*MO2(OD)] is 
slow on the NMR timescale. Note that, according to the previously published speciation 
study of the Cp*MoVI system (Scheme 3.2.1.), complex [Cp*MoO2(H2O)]+ (C.2.1.8.) 
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should remain the only species in solution at pH < 2 [7]. In the NMR study of Figure 
3.4.1. spectrum a small amount of the neutral species also remains present but the pH of 
the solution is estimated as ca. 2. A separate NMR spectrum recorded on a solution 
containing 0.4 mg of [Cp*2Mo2O5] (C.1.1.36.) (0.74·10-3 mmol) and 59.2 µL of 
CF3COOH (0.77 mmol) in 1 mL (0.2 mL CD3OD and 0.8 mL D2O), for an estimated 
pH of ca. 0.1, showed a dominant resonance at δ 2.057, which we attribute to the 
[Cp*MoO2(D2O)]+ ion, and a small shoulder at ca. δ 2.074 (estimated 10% relative 
intensity), the nature of which is unclear. The small upfield shift of the cation resonance 
is likely due to the equilibrium protonation of the solvent, changing the relative 
chemical shift of the residual solvent CHD2 resonance that we arbitrarily considered as 
constant. No resonance below δ 2.0 was observed in this spectrum, pointing to the 
absence of any residual [Cp*MoO2(OD)] (Figure 3.4.3.). 
1.922.12.22.3
δ/ppm
 
Figure 3.4.3. 1H NMR spectrum of a solution containing 0.4 mg of [Cp*2Mo2O5] 
(C.1.1.36.) (0.74·10-3 mmol) and 59.2 µL of CF3COOH (0.77 mmol) in 1 mL (0.2 mL 
CD3OD and 0.8 mL D2O). 
 
A comparison between the Mo and W system shows that a greater amount of 
deuteroxido complex, [Cp*MO2(OD)], remains at low pH under comparable conditions 
for the W derivative, suggesting a greater thermodynamic acidity of [Cp*MO2(D2O)]+ 
for the system of the heavier metal.  
An additional point of interest is the linewidth of the averaged pH-dependent 
[Cp*WO2(OD)]/[Cp*WO3]- resonance. This resonance is sharper in the two extreme pH 
regions and becomes broader at intermediate pH (Figure 3.4.2., spectrum c). The likely 
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reason for this behavior is that the rate of degenerate proton transfer equilibrating the 
two species (Equation 3.4.1.) is not much greater than their chemical shift difference.  
In conclusion, the results of the NMR investigation are in full agreement with the 
previously established speciation behavior of the Cp*MoVI system and indicate that the 
corresponding Cp*WVI system behaves qualitatively in the same way, the major 
difference being its slightly higher acidity.   
 
3.4.2. Investigation of the Cp*MVI systems in CD3OD 
 
The spectra of [Cp*2Mo2O5] (C.1.1.36.) in variable mixtures of D2O/CD3OD are 
shown in Figure 3.4.4. The dinuclear compounds shows a single resonance in the pure 
solvent at δ 2.045 (spectrum a). After the first addition of D2O, the compound started to 
precipitate from solution, thus all subsequent spectra were recorded on saturated 
solutions. The resonance gradually shifted downfield and decreased in intensity, while a 
new resonance appeared and gradually increased in intensity and shifted upfield as the 
amount of D2O increased. The two resonances converged in relative intensity and 
positions to those observed for the 80:20 mixture and reported in Figure 3.4.1., 
spectrum c.   
1.922.12.2
δ/ppm
(a) 
(b) 
(c) 
(d) 
(e) 
 
Figure 3.4.4. 1H NMR spectra of [Cp*2Mo2O5] (C.1.1.36.) (5 mg, 18.4·10-3 mmol of 
Mo) in CD3OD (0.5 mL) after the progressive addition of D2O (CD3OD/D2O ratio in 
parentheses. (a) No D2O (100:0). (b) 0.2 mL (71:29). (c) 0.4 mL (56:44). (d) 0.7 mL 
(42:58). (e) 1 mL (33:67). 
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On the basis of the discussion in the previous section (3.4.1.), the new resonance 
can be attributed to the rapidly exchanging [Cp*MoO2(OD)]/[Cp*MoO3]- pair, 
indicating increasing degree of dimer splitting according to equation 3.4.2. (M = Mo) 
and increasing degree of ionic dissociation as the amount of D2O increases. The 
behavior of the other resonance, however, is unexpected, because if the ionic 
dissociation is slow as indicated in Scheme 3.4.1., three rather than two resonances 
should be visible, one for the anion (rapidly exchanging with the neutral hydroxido 
complex), one for the cation and one for the neutral dinuclear precursor. A rapid 
dissociation, on the other hand, should result in a single resonance. The observed 
behavior indicate a rapid exchange between the neutral dinuclear system and the cation, 
without the intervention of the anion.  
 
[Cp*2M2O5]  +  D2O    2 Cp*MO2(OD)                    (M = Mo, W) 
Equation 3.4.2. 
   
A way to rationalize this phenomenon is through an associative exchange, as 
indicated in Scheme 3.4.2. The [Cp*MoO2]+ (C.3.1.1.) ion is in rapid equilibrium with 
[Cp*MoO2(D2O)]+. Note that the proposed associative [Cp*3Mo3O7]+ (C.3.1.3.) 
intermediate has indeed been experimentally observed, among other species including 
[Cp*MoO2]+ (C.3.1.1.) and [Cp*MoO2(H2O)]+ (C.2.1.8.), by an electrospray ionization 
MS experiment of a MeOH-H2O (50:50) solution of [Cp*2Mo2O5] (C.1.1.36.) [33]. The 
existence of this ion in the gas phase does not necessarily mean that it will be stable in 
solution, but proves that it is a local energy minimum on the potential energy surface 
and can therefore be involved as a reaction intermediate. Therefore, the resonance 
observed in CD3OD-D2O 20:80 at δ 2.077 (Figure 3.4.1., spectra a-c) and attributed 
above to the [Cp*MoO2(D2O)]+ ion may in fact still contain a residual component of 
undissociated neutral [Cp*2Mo2O5] (C.1.1.36.) complex.  
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Scheme 3.4.2. Mechanism of the associative exchange of [Cp*MoO2]+ (C.3.1.1.) 
cations with the [Cp*2Mo2O5] (C.1.1.36.) compound. 
 
A second 1H NMR study as a function of D2O/CD3OD ratio was carried out as 
above, except that this time the added D2O contained 0.1 M TFA. The resulting spectra 
are collected in Figure 3.4.5. It can be seen that the major resonance of [Cp*2Mo2O5] 
(C.1.1.36.) shifts gradually downfield and decreases slightly in intensity, whereas a 
second resonance appears for increasing amounts of water at lower fields and also shifts 
further downfield, converging to the position previously assigned to the neutral complex 
[Cp*MoO2(OD)]. The final spectrum (spectrum e, corresponding to a 80:20 
D2O/CD3OD ratio) is identical to spectrum a (Figure 3.4.1.). This behavior is perfectly 
coherent with those described in Figure 3.4.1. and in Figure 3.4.4. and with the 
discussion presented so far. The major resonance is attributed to the rapidly exchanging 
[Cp*2Mo2O5] (C.1.1.36.) and [Cp*MoO2(D2O)]+ (Scheme 3.4.2.) and the minor one to 
[Cp*MoO2(OD)]. Since no [Cp*MoO3]- species should be present at this pH, the shift 
of the minor resonance as a function of the D2O/CD3OD ratio must be the result of a 
solvent effect, possibly related to stronger hydrogen bonding in the presence of greater 
amounts of water.  
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1.922.12.2
δ/ppm
(a)
(b)
(c)
(d)
(e)
 
Figure 3.4.5. 1H NMR spectra of [Cp*2Mo2O5] (C.1.1.36.) (2 mg, 7.4·10-3 mmol of 
Mo) in CD3OD (0.4 mL) after the progressive addition of a 0.1 M solution of TFA in 
D2O (CD3OD/D2O ratio in parentheses. (a) No TFA-D2O (100:0). (b) 0.2 mL (67:33). 
(c) 0.4 mL (50:50). (d) 1.0 mL (29:71). (e) 1.6 mL (20:80). 
 
The analogous experiment on compound [Cp*2W2O5] (C.1.1.23.) gives a 
significantly different behavior. The CD3OD solution already shows two resonances, 
even before the addition of water, at δ 2.211 and 2.184 in a ca. 29:71 ratio in Figure 
3.4.6., spectrum a. The addition of small amounts of D2O induces a continuous 
downfield shift for the lower field resonance (A) with an initial intensity increase and 
then a steady decrease. The upper field resonance (B) also shifts downfield and 
experiences a dramatic intensity decrease after the first addition of D2O, then decreases 
more gradually until it disappears completely in spectrum f. Simultaneously, a new 
resonance (C) appears upfield, further shifting upfield and growing in intensity as the 
amount of added D2O increases. Comparison of this behavior with that of [Cp*2Mo2O5] 
(C.1.1.36.)in Figure 3.4.4. leads to the straightforward assignment of resonance A to the 
rapidly exchanging [Cp*2W2O5]/[Cp*WO2(D2O)]+ mixture, richer in the former at low 
D2O content and in the latter in strongly aqueous solutions, whereas the new resonance 
C is assigned to the rapidly exchanging [Cp*WO2(OD)]/[Cp*WO3]-. Like in the Mo 
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case, the addition of greater amounts of D2O induces greater dimer dissociation 
(Equation 3.4.2., M = W) and greater degree of ionic dissociation. 
2.12.152.22.252.3
δ/ppm
(a)
(b)
(c)
(d)
(e)
A
B C
2.12.152.22.252.3
δ/ppm
(a)
(f)
(g)
(h)
(i)
(j)
A B C
 
Figure 3.4.6.  1H NMR spectra of [Cp*2W2O5] (C.1.1.23.) (6.7 mg, 0.019 mmol) in 
CD3OD (0.5 mL) in the presence of variable amounts of D2O (CD3OD/D2O ratio in 
parentheses).  (a) No water (100:0). (b) 20 µL (96.2:3.8). (c) 40 µL (92.6:7.4). (d) 100 
µL (83:17). (e) 150 µL (77:23). (f) 0.2 mL (71:29). (g) 0.4 mL (56:44). (h) 0.7 mL 
(42:58). (i) 1.0 mL (33:67). (j) 1.5 mL (25:75). The two series shown in the two 
separate figures correspond to two separate experiments with a different methanol 
source. 
 
The strong resonance B must be a new species not involving water, but 
involving the methanol solvent, presumably because of its protic nature. Given the 
known behavior of Cp*WVI relative to Cp*MoVI, particularly its stronger Lewis acidity, 
we tentatively assign this resonance to the product of methanol addition shown in 
Scheme 3.4.3. (observed as the deuterated version in the spectra of Figure 3.4.6.). 
Related known reactivity patterns in support of this behavior are the cycloaddition 
reactions observed for [Cp*WO3]- (C.1.1.29.), but not for [Cp*MoO3]- (C.1.1.35.), with 
the ketene PhCH=C=O and the alkyne MeO2CC≡CCO2Me [27], leading to isolated 
products having a coordination sphere of type [Cp*WO2X2]- and therefore isoelectronic 
with that of [Cp*WO2(µ-OMe)]2 (C.3.1.5.). Another example is the addition of 
thioglycolic acid to [Cp*2W2O5] (C.1.1.23.) to yield [Cp*WO(OH)(k2:S,O-SCH2COO)] 
(C.1.2.1.) (see Chapter 1 [34]), whereas no adduct is generated from [Cp*2Mo2O5] 
(C.1.1.36.). 
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Scheme 3.4.3. Proposed equilibrium accounting for resonances A and B in the spectra 
of Figure 3.4.6. 
 
The proposed equilibrium of Scheme 3.4.3. must be slow on the NMR time scale 
because resonances A and B are individually observed in neat methanol. Given this 
proposed behavior, it is also reasonable to wonder whether species [Cp*WO2(OD)] 
equally adopts a dimeric rather than a monomeric form. The monomeric form, however, 
appears more likely in view of the observed fast degenerate exchange with the anion 
(Equation 3.4.1.) and in consideration of the lower donor power of OH (OD) relative to 
OMe (OCD3). 
Addition of the strong acid TFA to a neat CD3OD solution does not change the 
shape of the 1H NMR spectrum, spectrum b vs. a in Figure 3.4.7. This is consistent with 
the assignment of the two resonances to the species in Scheme 3.4.3. and also shows 
that the protonation process leading to the cationic [Cp*MoO2]+ (C.3.1.1.) species 
(possibly stabilized by solvent coordination) is not accessible in the absence of water. 
Addition to this solution of small amounts of D2O shows, as also found for the 
experiment under neutral conditions in Figure 3.4.6., an immediate intensity decrease 
for resonance B in favor of resonance A, and the appearance of resonance C after the 
addition of only 10 µL of D2O. It is not possible to exclude that the initial solution 
already contains minor amounts of water, the presence of which is also suggested by the 
behavior in the presence of base, which is now described.  
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2.12.152.22.252.3
δ/ppm
(a)
(b)
(c)
(d)
(e)
A
B C
 
Figure 3.4.7. 1H NMR spectra of [Cp*2W2O5] (C.1.1.23.) (10 mg, 0.014 mmol) in 
CD3OD (0.5 mL) in the presence of variable amounts of D2O under acidic conditions. 
(a) No D2O. (b) same as a, after addition of 2.5 µL of neat CF3COOH (0.033 mmol, 2.4 
equiv). (c) + 10 μL D2O (0.56 mmol, 40 equiv). (d) + 30 μL D2O (1.7 mmol, 120 
equiv). (e) + 50 μL D2O (2.8 mmol, 200 equiv). 
 
The behavior of the Cp*WVI system in the presence of base (Et3N) in neat 
CD3OD is shown in Figure 3.4.8. spectrum a corresponds once again to the starting 
material [Cp*2W2O5] (C.1.1.23.), with the two resonances assigned to the pentaoxido 
compound itself at δ 2.211 and that assigned to [Cp*WO2(µ-OMe)]2 (C.3.1.5.) at δ 
2.184. The addition of incremental amounts of Et3N (spectra b to e) led to the decrease 
and eventual disappearance of both resonances and to the corresponding growth of a 
new resonance at δ 2.062, attributed of the free anion. Indeed, compound Na[Cp*WO3] 
(C.1.5.1.) exhibits a single resonance at δ 2.060 in the same solvent (Figure 3.4.8., 
spectrum f). The addition of a substoichiometric amount of NEt3 (spectra b and c) 
generates an essentially equivalent amount of the [Cp*WO3]- (C.1.1.29.) ion while the 
intensity of the peaks attributed to [Cp*2W2O5] (C.1.1.23.) and [Cp*WO2(µ-OMe)]2 
(C.3.5.1.) decreases without shifting. Eventually, both these peaks disappear in the final 
spectrum e where [Cp*WO3]- (C.1.1.29.) remains the only visible species, although this 
requires a greater than stoichiometric amount of Et3N. The slight difference between the 
chemical shifts of the anion in spectra e and f is obviously resulting from the different 
counterion for the [Cp*WO3]- (C.1.1.29.) complex (NHEt3+ for spectrum e, Na+ for 
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spectrum f). More specifically, since there is no indication of an ion pairing interaction 
between Na+ and [Cp*WO3]- (C.1.1.29.) in this solvent (cf. in the other solvents 
examined later, where the situation is quite different), it is likely that a slight shift for 
the ammonium salt towards lower field is caused by a labile H-bonding between the 
anion oxido ligands and the ammonium proton, which has the effect of reducing the 
anion electron density. Given the highly dissociating power of CD3OD, however, this 
effect is barely perceptible (cf. the very different situation in CD3CN and acetone-d6). 
Conversion of compound [Cp*2W2O5] (C.1.1.23.) to the anion [Cp*WO3]- (C.1.1.29.) 
requires D2O in order to deliver one extra oxygen atom per two W atoms and the 
deuterons needed to convert Et3N to the ammonium cation Et3ND+ (Equation 3.4.3., M 
= W). An alternative source of deuterons is the methanol solvent, but in that case the 
eventual formation of [Cp*WO3]- as the sole species with total disappearance of 
[Cp*WO2(µ-OCD3)]2 would require the formation of dimethylether. Addition of Et3N 
to a CD3OD solution of [Cp*2Mo2O5] (C.1.1.36.) results in a smooth conversion to the 
[Cp*MoO3]- (C.1.1.35.) anion according to the same equation 3.4.3. (M = Mo), which is 
characterized by a single resonance at δ 1.938 in this solvent. 
1.922.12.22.3
(a)
(b)
(c)
(d)
(e)
(f)
 
Figure 3.4.8. 1H NMR spectra in CD3OD. (a) Compound [Cp*2W2O5] (C.1.1.23.) (20 
mg, 0.057 mmol of W in 1.0 mL). (b-e): same as a, after addition of the following 
amounts of neat Et3N: (b) 1 µL (0.0074 mmol, 0.13 equiv), (c) 5 µL (0.037 mmol, 0.65 
equiv), (d) 25 µL (0.185 mmol, 3.2 equiv), (e) 200 µL (1.48 mmol, 26 equiv). (f) 
Compound Na[Cp*WO3] (C.1.5.1.) (4 mg, 0.0123 mmol in 0.5 mL). 
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[Cp*2M2O5] + 2Et3N + D2O     2 [Et3ND]+[Cp*MO3]- 
Equation 3.4.3. 
 
3.4.3.  Investigation of the Cp*MVI systems in CD3SOCD3 
 
The behavior in DMSO-d6 is similar in many respects to that observed in CD3OD. 
The [Cp*2W2O5] (C.1.1.23.) solution exhibits two resonances, a major one at δ 2.075 
and a minor one at δ 2.034, in a relative 86:14 ratio (Figure 3.4.9., spectrum a). Upon 
D2O addition, the downfield resonance decreased in intensity in favor of the upfield 
resonance, from 78% in the absence of added water (spectrum a) to 64% in the presence 
of 50 μL (spectrum c). The relative intensity change is less dramatic than that observed 
in methanol (Figure 3.4.6.) and the interpretation of this phenomenon must also be 
different, because DMSO is not a protic solvent. The upfield peak is attributed to 
compound [Cp*WO2(OD)] and its presence in the initial solution before D2O addition 
(as the [Cp*WO2(OH)] (C.3.1.6.) isotopomer), is due to the contamination of the NMR 
solvent with a significant amount of water. Indeed, integration of the water peak 
indicates that the initial solution contained ca. 7 equiv of water per Cp*W unit (under 
the assumption that this water contains deuterium at natural abundance), vs. 107 equiv 
after the addition of 50 μL of D2O (total amount of water isotopomers).  
It is also interesting to note that both resonances are slightly upfield shifted (to ca. 
δ 2.055 and 2.022) and broadened by the water addition. This can tentatively be 
attributed to the establishment of H-bond equilibria with water adducts. The relative 
amount of the [Cp*WO2(OD)] compound, for comparable additions of D2O, is greater 
in DMSO-d6 relative to CD3OD, suggesting that the equilibrium constant of reaction 
3.4.2. is greater in DMSO. The spectrum of [Cp*2Mo2O5] (C.1.1.36.) in neat DMSO-d6 
also shows a second peak, which is therefore tentatively assigned to the mononuclear 
hydroxide derivative [Cp*MoO2(OH)] (C.2.1.9.), at higher fields (δ 1.921) relative to 
the resonance of the dinuclear compound at δ 1.931 (Figure 3.4.10.). 
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1.851.91.9522.052.12.152.2
δ/ppm
(a)
(b)
(c)
 
Figure 3.4.9. 1H NMR spectra of [Cp*2W2O5] (C.1.1.23.) (10 mg, 0.028 mmol of W) in 
CD3SOCD3 (0.5 mL) in the presence of variable amounts of H2O. (a) No water. (b) 30 
μL (1.7 mmol, 60 equiv). (c) 50 μL (2.8 mmol, 100 equiv). 
1.81.851.91.952
δ/ppm  
Figure 3.4.10. 1H NMR spectrum of Cp*2Mo2O5 (C.1.1.36.) in DMSO-d6. 
 
Addition of CF3COOH to the [Cp*2W2O5] (C.1.1.23.) solution in DMSO-d6 did 
not have any effect on the position and relative intensity of the two resonances, like for 
the experiment in CD3OD. This attests to the resistance of both [Cp*2W2O5] (C.1.1.23.) 
and [Cp*WO2(OD)] to protonation to yield [Cp*WO2(D2O)]+. The effect of the addition 
of incremental amounts of Et3N is illustrated in Figure 3.4.11. Spectrum a is once again 
the reference spectrum in neat solvent. Progressive addition of Et3N (spectra b-e) leads 
to an intensity decrease for the δ 2.075 resonance until disappearance without 
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significant chemical shift change, whereas the δ 2.034 resonance shifted to much higher 
field (δ 1.91 – 1.85 range), progressively increasing in intensity and converging to δ 
1.855, which is assigned to the free [Cp*WO3]- (C.1.1.29.) ion. For comparison, the 
DMSO-d6 solution of the Na[Cp*WO3] (C.1.5.1.) salt exhibits a single resonance at δ 
1.800 (Figure 3.4.11., spectrum f). The interpretation of the behavior in this solvent is 
straightforward, given the above described behavior in water and methanol and the 
assignment of the two resonances in the neutral solution to [Cp*2W2O5] (C.1.1.23.) and 
[Cp*WO2(OD)]. As base is added, [Cp*2W2O5] (C.1.1.23.) is converted to [Cp*WO3]- 
(C.1.1.29.) (equation 3.4.3.) and its resonance does not shift (like in CD3OD) whereas 
the resonance of [Cp*WO2(OD)] shifts (like in the CD3OD-D2O 20:80 solution) 
because of the fast degenerative exchange with the increasing amounts of the anion until 
converging to the position of the pure anion. Like in CD3OD, the chemical shift 
difference between the DMSO-d6 solutions of [Et3ND]+[Cp*WO3]- and Na+[Cp*WO3]- 
(C.1.5.1.) is attributed to the different cation-anion interactions. For the [Cp*2Mo2O5] 
(C.1.1.36.) solution in this solvent, addition of excess Et3N results in a new band at δ 
1.729, attributed to [Et3NH]+[Cp*MoO3]- (C.3.1.7.). 
1.61.71.81.922.12.2
δ/ppm
(a)
(b)
(c)
(d)
(e)
(f)
 
Figure 3.4.11. 1H NMR spectra in CD3SOCD3. (a) Compound [Cp*2W2O5] (C.1.1.23.) 
(10 mg, 0.014 mmol in ca. 0.5 mL); (b)-(e) same as a, after the incremental addition of 
2 μL (0.014 mmol) of NEt3 (pure, %99). (f) Compound Na[Cp*WO3] (C.1.5.1.) (3 mg, 
0.009 mmol mmol in ca. 0.5 mL). 
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3.4.4.  Investigation of the Cp*MVI systems in CD3COCD3 
 
When dissolved in neat CD3COCD3 in the absence of any additive, compounds 
[Cp*2M2O5] yield a single 1H NMR resonance, observed at δ 2.141 for the W derivative 
(Figure 3.4.12., spectrum b) and at δ 1.998 for the Mo derivative. The absence of a 
second resonance attributable to [Cp*MO2(OH)] apparently results from much less 
favorable water addition equilibria (Equation 3.4.2.) in this solvent. Indeed, the initial 
solution contained water as revealed by 1H NMR integration (ca. 1.8 equiv per metal in 
the Cp*WVI series). Since it is possible that the [Cp*MO2(OH)] resonance overlaps 
exactly with that of [Cp*2M2O5], the effect of water addition to the acetone-d6 solution 
was investigated as already described above in the other solvents. This experiment, as 
well as all other investigations in this solvent, were carried out only for the Cp*WVI 
system. Only after the addition of a large amount of water (4.3 equiv per Cp*W unit), 
an additional small resonance became visible upfield of the dinuclear compound 
resonance, at δ 2.100, corresponding to ca. 10% of the total Cp* intensity (Figure 
3.4.13.). This resonance is therefore tentatively attributed to [Cp*WO2(OH)] in acetone-
d6.  
As already found for the CD3OD and DMSO-d6 solutions, addition of TFA 
(spectrum a) did not alter the shape of the spectrum. Treatment of a fresh acetone-d6 
solution of [Cp*2W2O5] (C.1.1.23.) with incremental amounts of NEt3 gradually 
decreased the intensity of the δ 2.141 resonance in favor of a new resonance at δ 1.962 
(spectra c-h). Neither of the two resonances significantly shifts as a function of the 
presence and amount of the acid or base additive. By analogy with the previously 
presented results in CD3OD and DMSO-d6, the single resonance observed in the neutral 
solution as well as in the presence of strong acid is attributed to the undissociated 
[Cp*2W2O5] (C.1.1.23.) compound and the higher field one remaining after addition of 
excess Et3N is attributed to [Cp*WO3]- (C.1.1.29.). As already discussed above, the 
extra O atom needed for the conversion of [Cp*2W2O5] (C.1.1.23.) into [Cp*WO3]- 
(C.1.1.29.) (Equation 3.4.3.) is presumably provided by the adventitious water present. 
The amount of water present, however, does not produce a significant amount of 
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[Cp*WO2(OH)] and consequently the [Cp*WO3]- resonance does not shift as its relative 
amount increases. The observed spectral changes are reversible: when the [Cp*2W2O5] 
(C.1.1.23.) solution was treated first with CF3COOH and then with excess NEt3 the 
resonance attributed to the [Cp*WO3]- (C.1.1.29.) anion was observed at δ 1.984. 
Conversely, addition of excess CF3COOH to a basic solution replaced the latter 
resonance with that attributed to the dinuclear compound at δ 2.141. 
1.81.922.12.22.3
δ/ppm
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
 
Figure 3.4.12. 1H NMR spectra of compound [Cp*2W2O5] (C.1.1.23.) (20.6 mg, 0.0286 
mmol) in CD3COCD3 (ca. 0.5 mL). (a) after addition of 1 μL (0.013 mmol) of 
CF3COOH (pure, %99); (b) without additives; (c)-(h), same as b, after incremental 
addition of NEt3 (2M in CD3COCD3, 6.5 μL for each addition, 0.013 mmol). The 
residual solvent resonance is visible as a 1:2:3:2:1 quintet at δ 2.063. 
 
In this solvent, compound Na[Cp*WO3] (C.1.5.1.) showed a peculiar behavior 
(Figure 3.4.14.). Surprisingly, only a small peak (δ 1.929) was observed in the region 
expected for free [Cp*WO3]- (C.1.1.29.), whereas a major resonance is observed at δ 
2.846 (relative intensities = 5:95, spectrum a). Suspecting the possibility that the Na+ 
and [Cp*WO3]- (C.1.1.29.) ions engage in tight ion pairing in this solvent, the solution 
was treated with a stoichiometric amount of 15-crown-5, a known complexing agent for 
Na+. The resulting solution exhibited spectrum b, where the higher field resonance 
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attributed to the free anion has increased in relative intensity (now 35% of the total) and 
has slightly shifted to δ 1.939, whereas the lower field one has decreased in intensity, 
broadened, and shifted by a more substantial amount to δ 2.903.  
 
22.052.12.152.2
δ/ppm
[Cp*2W2O5]
[Cp*WO2(OH)]
solvent
 
Figure 3.4.13. 1H NMR spectrum of [Cp*2W2O5] (C.1.1.23.) (10 mg, 0.028 mmol of 
W) in acetone-d6 (0.5 mL) after the addition of 30 µL of D2O (1.7 mmol, 60 equiv).  
 
Figure 3.4.14. 1H NMR spectra in CD3COCD3 of: (a) compound Na[Cp*WO3] 
(C.1.5.1.) (4 mg, 0.0123 mmol in 0.5 mL); (b) same as a, after addition of 15-crown-5 
(2.5 µL, 0.0126 mmol); (c)-(e) same as b, after addition of 1, 2 and 3 aliquots of 
Et3NH+Cl- (100 µL of a 0.0123 M solution in CD3COCD3, 1.23 mmol each). 
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This behavior confirms the assignment of the higher field resonance to the free 
(solvated) [Cp*WO3]- (C.1.1.29.) ion and the lower field one to a tight ion pair, the 
structure of which is probably as depicted in Scheme 3.4.4. The strong deshielding of 
the anion Cp* resonance induced by ion pairing suggests a significant electron density 
removal from the Cp* ligand, transmitted through the W=O bonds. The observation of 
two distinct resonances for the free anion and the ion pair shows that the equilibrium is 
slow on the NMR timescale. In addition, the chemical shift dependence and broadening 
of the resonance attributed to the ion pair in the presence of the crown ether suggests 
that the sodium ion interacts with the crown ether not only as free cation but also in the 
ion pair, as suggested in Scheme 3.4.4. The broadening effect is presumably the result 
of rapid equilibria between structures having a different denticity (κ3, κ2, κ1) for the 
crown ether coordination. However, the crown ether must be coordinating more 
strongly to free Na+, because its addition increases the amount of free [Cp*WO3]-
.(C.1.1.29.). These results also indicate that the [Cp*WO3]- (C.1.1.29.) anion is a strong 
complexing agent for Na+, since it effectively competes with the crown ether for 
sodium. In fact, the equilibrium of Scheme 3.4.4. remains shifted to the left hand side 
with the crown ether and Cp*WO3- being present in equimolar amounts.  
 
 
Scheme 3.4.4. Effect of 15-crown-5 on the ion pairing equilibrium between the Na+ and 
[Cp*WO3]- ions (S = donor solvent). 
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It is useful to compare the properties of the three solvents examined so far. In 
terms of dielectric constant, the most dissociating solvent is DMSO (ε = 46.8), followed 
by methanol (ε = 32.6) and then acetone (ε = 20.5). The solvent dissociating power for 
the ion pair is probably also influenced by the coordinating power with respect to the 
Na+ ion, which is presumably strongest for methanol. However, the observed behavior 
is perfectly consistent with the dielectric behavior of the medium. It should also be 
noted that addition of 15-crown-5 to the DMSO-d6 and CD3OD solutions of 
Na[Cp*WO3] (C.1.5.1.) did not cause any change to the Cp* resonance.  
We have also investigated the 1H NMR spectrum of the Na[Cp*WO3]/15-crown-5 
solution after addition of incremental amounts of Et3NH+Cl-, because the Et3NH+ ion is 
generated in some of the solutions by subsequent addition of NEt3 and CF3COOH and a 
question of interest was the possible establishment of H-bonds of type [Cp*W(-)O3·· 
··HN(+)Et3]. The Et3NH+Cl- addition had no major effect on the chemical shift of the 
two resonances (spectra c-e). A slight downfield shift observed for the free anion 
resonance to δ 1.964 may indeed be attributed to a fast equilibrium with a weak H-bond 
adduct, which must however be much less stable and more labile than the adduct with 
sodium. Note that this chemical shift corresponds quite closely with that of the same 
species when this is generated from [Cp*2W2O5]/Et3N. The Et3NH+Cl- addition, 
however, resulted in two additional and more important effects. The first one is a 
change of the equilibrium in favor of the ion pair, with the free ion/ion pair ratio 
becoming 20:80 after the first addition (spectrum c), 15:85 after the second one 
(spectrum d) and finally 13:87 after the third one (spectrum e). A possible reason for 
this change is a competition between Na+ and Et3NH+ for 15-crown-5, partially 
restoring the equilibrium situation observed in the absence of the crown ether. The 
second effect of the Et3NH+Cl- addition is the appearance of the dinuclear species 
(resonance at δ 2.141), which is the natural consequence of introducing protons into the 
system via the Et3NH+ ion, with the concurrent production of water. The deprotonation 
of Et3NH+ is also evident from the shift of the Et3NH+ methylene resonance between 
spectra c, d and e.  
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The behavior of [Cp*2Mo2O5] (C.1.1.36.) in the presence of Et3N acetone-d6 
parallels that of the W analogue, except that a greater amount of Et3N is necessary for 
the conversion of the dinuclear compound to the anion, see Figure 3.4.15. The 
resonance of [Et3NH]+[Cp*MoO3]- is observed at δ 1.867.  
 
1.61.822.2 δ/ppm
+ 0.85 equiv
+ 1.7 equiv
+ 2.55 equiv
+ 3.4 equiv
+ 6.5 equiv
+ 13 equiv
+ 26 equiv
+ 65 equiv
 
Figure 3.4.15. 1H NMR spectra of compound [Cp*2Mo2O5] (C.1.1.36.) (15.4 mg, 
0.0568 mmol of Mo) in 0.6 mL of acetone-d6 in the presence of variable amounts of 
Et3N as indicated on the spectra. 
 
3.4.5. Investigation of the Cp*MVI systems in CD3CN 
 
Like in acetone-d6, the Na[Cp*WO3] (C.1.5.1.) salt is strongly ion paired in 
CD3CN, since it shows a major downfield shifted resonance at δ 2.185 for the tight ion 
pair and a minor one at δ 1.945, flanking the envelope of the solvent resonance, for free 
[Cp*WO3]- (C.1.1.29.) (Figure 3.4.16., spectrum a). The two species are present in a 
86:14 ratio. The assignment is supported, like for the acetone-d6 experiment, by the 
spectrum evolution after addition of a stoichiometric amount of 15-crown-5 to 
(spectrum b), where the relative intensity of the two resonances becomes ca. 1:1. The 
free ion resonance has slightly shifted upfield to δ 1.936 and that of the ion pair has 
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shifted downfield to δ 2.263 and broadened, similarly to the behavior in acetone-d6. The 
interpretation is therefore identical to that discussed above in acetone-d6 section 
(Scheme 3.4.4.). Addition of Et3NH+ gave again indication of an insignificant 
interaction with the free trioxido anion (the resonance shifted only slightly to δ 1.941), 
while the ion pair resonance further broadened and slightly increased in relative 
intensity. The dielectric constant of acetonitrile (ε = 35.7) is greater than that of acetone 
and similar to that of methanol. Evidently, the lower coordinating power of MeCN 
toward Na+ relative to methanol must be an important factor for the ion pair separation. 
1.92.12.32.5 δ/ppm
(a)
(b)
 
Figure 3.4.16. 1H NMR spectra in CD3CN of: (a) compound Na[Cp*WO3] (C.1.5.1.) (4 
mg, 0.0123 mmol in ca. 0.5 mL); (b) same as a, after addition of 15-crown-5 (2.5µL, 
0.0123 mmol). The residual solvent resonance is visible as a 1:2:3:2:1 quintet at δ 
1.965. 
 
Compounds [Cp*2M2O5] exhibit a single resonance in CD3CN at δ 2.139 (M = W, 
Figure 3.4.17. and 1.994 (M = Mo). The spectra exhibit also a second minor resonance, 
due to the water contaminant in the solvent. For the W derivative, this is observed at δ 
2.163 (Figure 3.4.17., spectrum a). This is proven by the addition of water to the 
sample, resulting in a dramatic and continuous shift of this resonance to lower fields 
(Figure 3.4.17.). Addition of water also resulted in the appearance of a very small new 
resonance slightly upfield of the dinuclear compound resonance, also shown in Figure 
3.4.17. (at δ 2.116 for ca. 5% or the total Cp* intensity after the addition of 4.3 equiv of 
H2O per Cp*W unit). This behavior is similar to that observed in acetone and this 
resonance is therefore tentatively assigned to [Cp*WO2(OH)] (C.3.1.6.). This result 
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indicates that equilibrium 3.4.2. is more heavily shifted toward the left hand side in 
CD3CN, like in acetone-d6, relative to CD3OD and especially to DMSO-d6. 
1.82.32.83.33.8
δ/ppm
[Cp*2W2O5]
[Cp*WO2(OH)]
solvent
water
1.922.12.22.3
δ/ppm
[Cp*2W2O5]
[Cp*WO2(OH)]
solvent
 
Figure 3.4.17. 1H NMR spectra of [Cp*2W2O5] (C.1.1.23.) (7.5 mg, 0.021 mmol of W) 
in CD3CN (0.5 mL): blue, without D2O; red, with 50 µL of water (2.8 mmol, 130 
equiv); green, with 100 µL of D2O (5.6 mmol, 260 equiv). 
 
The water peak also disappears from the Cp* region upon addition of TFA and 
Et3N. Addition of water and TFA do not significantly alter the shape of the [Cp*2W2O5] 
(C.1.1.23.) resonance, in line with the behavior in the previously examines organic 
solvents. It is to be noted that, when large amounts of CF3COOH were added (up to 32 
µL, 0.064 mmol), additional lower field Cp* resonances slowly and irreversibly 
appeared in the spectrum, indicating decomposition. This phenomenon was more 
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evident in this solvent relative to the others described above. However, no sign of 
decomposition was visible for moderately acidic solutions.  
1.81.922.12.22.3 δ/ppm
(a)
(b)
(d)
(e)
(c)
 
Figure 3.4.18. 1H NMR spectra of compound [Cp*2W2O5] (C.1.1.23.) (10 mg, 0014 
mmol) in CD3CN (ca. 0.5 mL). (a) without additives; (b)-(e) after incremental addition 
of NEt3 (2 M in CD3CN, 6.5 μL or 0.013 mmol for each addition). The residual solvent 
resonance is visible as a 1:2:3:2:1 quintet at δ 1.965. 
 
The addition of Et3N, besides shifting the water peak away from the Cp* region, 
yields a spectral evolution exactly as described above in CD3CN, with the gradual 
disappearance of the main resonance at δ 2.139 and the corresponding increase of the 
free [Cp*WO3]- resonance at δ 1.965, without any chemical shift drift due to the 
absence of any notable amount of [Cp*WO2(OH)] (C.3.1.6.), spectra a-e in Figure 
3.4.18. Thus, the water contaminant in the solvent is not sufficient to produce a 
significant amount of [Cp*WO2(OH)] (C.3.1.6.) according to Equation 3.4.2. but is 
sufficient to provide the necessary oxido ligand and protons for the amine, according to 
Equation 3.4.3. These spectral changes are reversible, as already found for the studies in 
the other solvents.  
The behavior of the Mo analogue, [Cp*2Mo2O5] (C.3.1.1.36), in CD3CN is 
completely equivalent to that of its W congener, (Figure 3.4.19.). The solution in the 
absence of additives shows the main peak of the dinuclear compound at δ 1.994, 
accompanied by the water peak at δ 2.164 (spectrum a), which is removed from this 
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region upon addition of water, TFA or Et3N. Treatment of the CD3CN solution with 
NEt3 also resulted in the gradual decrease of the [Cp*2Mo2O5] (C.1.1.36.) resonance in 
favor of a resonance of the free [Cp*MoO3]- (C.1.1.35.) ion at δ 1.862 (spectra b-f in 
Figure 3.4.19.). The spectrum of isolated Na[Cp*MoO3] (C.1.1.35.), also shown in 
Figure 3.4.19. (spectrum g), is also quite analogous to that of the W congener, showing 
strong ion pairing and slow exchange between the ion-paired and free [Cp*MoO3]- 
(C.1.1.35.) ion, respectively evidenced by a major resonance at δ 2.182 and a small one 
at δ 1.822. The ratio between the two resonances (10:90) is very similar to that observed 
for the W analogue. The shift of the resonance of the free [Cp*MoO3]- (C.1.1.35.) from 
the Na+ salt solution to the solution obtained by adding NEt3 to [Cp*2Mo2O5] 
(C.1.1.36.) (containing the Et3NH+ salt) is attributed to the weak [Cp*MoO3-···HNEt3+] 
interaction and is totally consistent with the behavior described above for the 
corresponding W compound.  
 
3.5. Conclusion 
 
The combined 1H NMR investigations are in complete agreement with the results 
of the electrical conductivity studies, in the sense that the dominant or exclusive species 
in all organic solvents is undissociated [Cp*2M2O5] (except for the W derivative in neat 
CD3OD where the NMR study suggests the presence of a solvent adduct, proposed to be 
[Cp*WO2(µ-OMe)]2). Only in DMSO-d6 the presence of water significantly splits the 
dinuclear compound into the hydroxo monomer, [Cp*MO2(OH)]. In the D2O-rich 
mixture containing 80% of D2O and 20% of CD3OD, on the other hand, extensive 
dissociation to mononuclear [Cp*MO2(OD)] and ionic dissociation of the latter to yield 
[Cp*MO2(D2O)]+ and [Cp*MO3]- occurs. All four species may coexist in this medium, 
but their relative amounts cannot be determined accurately because of fast exchange 
processes that equilibrate on one side [Cp*MO2(OH)] and [Cp*MO3]- and on the other 
side [Cp*MO2(D2O)]+ and [Cp*2M2O5]. In the organic solvents, addition of Et3N, with 
the help of small amounts of the adventitious water, transforms [Cp*2M2O5] into 
[Cp*MO3]-. On the other hand, addition of the strong acid CF3COOH is not sufficient to 
yield the solvent stabilized dioxido cation, [Cp*MO2(solvent)]+, which must be a 
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powerful Brønsted acid in the presence of traces of water. Therefore, generation of this 
species does not appear experimentally viable. This species appears to exist only if 
coordinated and solvated by water, probably stabilized by extensive hydrogen bonding 
with a second coordination sphere.  
1.21.41.61.822.22.4
δ/ppm
(a)
(b)
(c)
(d)
(e)
(f)
(g)
 
Figure 3.4.19. 1H NMR spectra of compound [Cp*2Mo2O5] (C.1.1.36.) (5 mg, 0.018 
mmol of Mo) in CD3CN (0.5 mL): (a) without additives, (b)-(f) after the incremental 
addition of 4 μL of NEt3 (pure 99%, 0.028 mmol for each addition). (g) 1H NMR 
spectrum of Na[Cp*MoO3] (3 mg, 0.010 mmol) in CD3CN (ca. 0.5 mL). The residual 
solvent resonance is visible as a 1:2:3:2:1 quintet at δ 1.965. 
 
The resonances of the four different species observed in the various solvents are 
summarized in Table 3.5.1. and are also represented in graphical form in Figure 3.5.1. 
The resonance trends display a certain internal consistency, in the sense that the 
chemical shift moves downfield in the order DMSO-d6 < CD3CN ~ acetone-d6 < 
CD3OD for all three species. The total chemical shift span (from DMSO-d6 to CD3OD) 
increases from [Cp*2W2O5] (C.1.1.23.) (0.106 ppm), through Cp*WO2(OH) (0.175 
ppm), to [Cp*WO3]- (C.1.1.29.) (0.256 ppm), in an increasing order of molecule-solvent 
interaction. The values of the Cp*Mo resonance are upfield from those of the Cp*W 
analogue for each species and in each solvent. This includes the neutral compound 
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[Cp*2M2O5] in CDCl3 (δW-δMo is always in the 0.095-0.166 range). They follow exactly 
the same trend as a function of the solvent, as can be most clearly seen in Figure 3.5.1. 
 
CDCl3
1.71.81.92.02.12.22.3
CD3CN
CD3COCD3
CD3SOCD3
CD3OD
CD3OD(20)/D2O(80)
[Cp*MO2(D2O)]+
[Cp*MO2(OD)]
[Cp*MO3]‐
[Cp*2M2O5]
W Mo
 
Figure 3.5.1. Schematic representation of the chemical shifts observed for all species 
(and reported in Table 3.5.1.) in the different solvents. 
 
Table 3.5.1. Summary of the chemical shifts for the observed species generated from 
[Cp*2M2O5] (M = Mo, W) a and Na+[Cp*WO3]- in various solvents.b 
Solvent [Cp*MO2(H2O)]+ [Cp*2M2O5] [Cp*MO2(OH)] [Cp*MO3]- c [Cp*WO3]- d 
D2O:CD3OD 
(80:20) 
2.077/2.244 - 2.091/2.210 1.942/2.067 2.064 
CD3OD  2.045/2.211 - n.d./2.062 2.060 
DMSO-d6  1.931/2.075 1.921/2.034 n.d./1.855 1.800 
Acetone-d6  1.998/2.141 n.d./2.100 n.d./1.962 1.929 
CD3CN  1.994/2.139 n.d./2.116 1.862/1.965 1.936e 
CDCl3  2.048/2.180 -  -  -  
a Left value, Mo; right value, W. b n.d. = not determined. c From [Cp*2M2O5]/Et3N. d 
From Na[Cp*WO3] (C.1.5.1.). e Corresponding value for [Cp*MoO3]- (C.1.1.35.) = 
1.822.  
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3.6. EXPERIMENTAL SECTION 
 
3.6.1. General procedures 
 
The 1H NMR spectra were recorded on a Bruker DPX 300 spectrometer. The 
resonances were calibrated relative to the residual solvent peak (acetone-d6, 2.064; 
CD3CN, 1.936; CD3OD, 3.329 for the CHD2 group; DMSO-d6, 2.505) and reported in 
ppm downfield from TMS. For the spectra recorded under extreme pH conditions 
(particularly in the presence of a large amount of strong acid) the solvent peak was 
assumed invariant and calibrated to the above mentioned values. For the CD3OD/D2O 
mixtures, the methanol CHD2 resonance was also considered invariant with respect to 
the change of the CD3OD/D2O ratio and pH.  
The starting compounds, [Cp*2Mo2O5] (C.1.1.36.), [Cp*2W2O5] (C.1.1.23.) and 
Na[Cp*WO3] (C.1.5.1.), were prepared as described in the literature [21]. The 
compounds trifluoroacetic acid (99%, ACROS), triethylamine (99%, ACROS), 15-
crown-5 (98%, Aldrich), and the deuterated solvents (acetonitrile-d3, acetone-d6, 
methanol-d4, dmso-d6; EURISO-TOP) were used as received. All the manipulations 
were carried out in NMR tubes at room temperature. 
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GENERAL CONCLUSION  
 
In our study of the reactions of [Cp*2W2O5] (C.1.1.23.) with mercaptocarboxylic 
acids (mercaptopropionic acid and thioglycolic acid), we describe the synthesis and 
characterization of [Cp*WO2(SCH2CH2COOH)] (C.1.1.42.), the first reported structure 
where tungsten is surrounded by a “CpO2(SR)” ligand set in Chapter 1.  
The corresponding reaction for thioglycolic acid (n = 1) resulted in an adduct 
having the same stoichiometry at low substrate/W ratio, but containing a 5-membered 
cycle in an asymmetric [Cp*WO(OH)(SCH2COO)] structure. However, the deepening 
of the solution color when using greater substrate/W ratios indicates the intervention of 
metal reduction to yield several by-products as shown by NMR. The use of the 
Cp*W(VI) system has opened a new and simpler route for the assembly of sulphur-
containing W(VI) complexes that are of potential interest as models of W-containing 
biological systems. 
In Chapter 2, the performance of [Cp*2M2O5] (M = Mo, W) as precatalysts in 
olefin epoxidation has been tested under new conditions. Whereas previous 
investigations had shown that the W compound yields a much more active catalyst than 
the Mo compound for the epoxidation of cyclooctene by aqueous H2O2 in 
MeCN/toluene, we have now discovered that the relative activity is totally the opposite 
when using a TBHP/decane solution as oxidant under otherwise identical conditions. 
The rate of this catalyzed reaction is first order in catalyst, first order in cyclooctene, 
and first order in TBHP, whereas the same process carried out in the presence of 
aqueous H2O2 is zero order in the oxidant. A variable temperature study yields an 
activation enthalpy of 15.1 kcal/mol.  
From the point of view of the catalytic results shown in Chapter 2, the NMR study 
has provided useful information but still insufficient to demonstrate the origin of the 
observed different in catalytic performance of the two metals Mo and W as a function of 
the oxidant (H2O2 vs. TBHP).  
The NMR study shows that the dominant species in the absence of water is 
undissociated [Cp*2M2O5] for both metals. A weak conductivity (slightly greater for the 
W compound) may account for a fraction of ionic dissociation. On the other hand, the 
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presence of water favors the M-O-M bridge splitting to yield the mononuclear 
hydroxido complex, and ionic dissociation. The greater acidity of the W system 
(established only at the qualitative level) should yield less of the cationic complex 
[CpMO2(H2O)]+, more of the anionic complex [Cp*MO3]-, and a lower pH, for the W 
system. Therefore, the greater catalytic activity of the W system when using aqueous 
H2O2 is not necessarily a consequence of ionic dissociation if the cationic complex is 
the catalytically active form.  
Under the hypothesis that the modified Thiel-Sharpless mechanism (Scheme 
2.1.2.2) is adopted, the calculations indicate a lower activation barrier for the W system 
[33] and therefore a greater activity for this system, in agreement with the behavior in 
water [33] but contrary to the results with TBHP/decane (Chapter 2). For the catalytic 
process in the presence of water, it is possible to propose that the lower activation 
barrier leads to a significantly faster process, even if there is a lower amount of the 
catalytically active species at equilibrium.  
One reasonable possibility to reconcile these results for the catalysis in the 
absence of water (TBHP/decane as oxidant) is that the W system can react with TBHP, 
to yield a competing reaction more favorably than for the Mo system and which leads to 
an inactive system, but only in the absence of water. On the basis of the NMR results 
presented in this Chapter, is seems possible that TBHP may add across the W-O-W 
moiety to form a dinuclear [Cp*2W2(µ-OOtBu)2O4] species, similar to what is proposed 
for the interaction with MeOH (Scheme 3.4.3), which would be catalytically inactive. 
Indeed, this reactivity is specific for the W system (no such adduct was detected for the 
Mo system) while the addition of water does not allow this reaction to take place even 
for the W system. This hypothesis would therefore be consistent with a specific 
blocking of the catalytic activity for the W system and in the absence of water. In order 
to test this hypothesis, catalytic tests must be done with an aqueous solution of TBHP. 
This is a perspective for the immediate future.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TITRE DE LA THÈSE EN FRANÇAIS : 
 
Complexes organométalliques à haut degré d’oxydation de molybdène et de tungstène comme 
catalyseurs d’oxydation 
 
RESUMÉ DE LA THÈSE EN FRANÇAIS 
 
La chimie des complexes cyclopentadiènyle du molybdène et du tungstène à hauts degrés 
d’oxydation avec des ligands oxo, imido ou sulfure a connu une importance  croissante. En 
particulier, l’intérêt pour les complexes Cp* oxo du molybdène et du tungstène est lié à leur 
potentiel en catalyse d’oxydation. La plupart des avancées dans la chimie du molybdène et du 
tungstène concerne d’ailleurs l’étude des processus d’oxydation. Un besoin important dans ce 
domaine est de trouver une synthèse plus efficace et plus simple des dimères Cp* oxo du 
molybdène et du tungstène. Une voie de synthèse améliorée des deux complexes dimères classiques 
[Cp*2M2O5] (M=Mo, W), conduisant à de forts rendements, est décrite dans ce mémoire.  
Dans une autre partie, la réactivité du complexe de WVI avec des ligands donneurs soufrés est 
présentée, notamment les études sur l’interaction entre [Cp*2W2O5] et les acides  
mercaptocarboxyliques. En particulier, avec l’acide 3-mercaptopropionique, le composé 
[Cp*WO2(SCH2CH2COOH)] a été isolé et complètement caractérisé, y compris par diffraction des 
rayons X sur monocristal. Ce composé est le premier complexe du WVI où le métal a un 
environnement de coordination de type CpO2(SR). La comparaison avec les résultats de la réaction 
analogue de [Cp*2Mo2O5], qui s’accompagne d’une réduction facile du centre métallique, montre 
une plus forte tendance du molybdène à être réduit. Pour le complexe de tungstène, au contraire, 
une réaction réversible de simple échange de ligands a lieu. La réaction équivalente avec l’acide 
thioglycolique conduit à la formation d’un adduit de même stoechiométrie à faible rapport 
substrat/W mais possédant un cycle à 5 chaînons dans une structure asymétrique 
[Cp*WO(OH)(SCH2COO)]. Cependant, pour des rapports substrat/W plus importants, les solutions 
deviennent très foncées indiquant une réduction du métal conduisant à divers sous-produits comme 
l’indique la RMN du mélange.  
Des études détaillées de spéciation du composé [Cp*2W2O5], par RMN du proton et par 
conductivité électrique dans différent solvants coordinats et dissociants (acétone, DMSO, MeOH, 
MeCN, H2O) sont présentées dans cette thèse. Les études RMN sont en plein accord avec les 
mesures de conductivité, indiquant que les espèces présentes dans tous les solvants organiques sont 
exclusivement ou au moins très majoritairement non-dissociées. Ces études expérimentales 
démontrent également qu’au moins deux espèces sont formées dans des solvants polaires, ce qui est 
corroboré par des calculs DFT.   
Les complexes Cp*Mo oxo ont prouvé être des précatalyseurs efficaces d’oxydation. Cette 
étude a été focalisée sur l’étude de l’activité catalytique de [Cp*2Mo2O5] avec l’hydroperoxyde de 
tertiobutyle (TBHP) dans le décane comme oxydant dans des mélanges MeCN/Toluène. De fortes 
activités ont été observées dans des conditions douces, avec des charges catalytiques pouvant être 
diminuées jusqu’à 1%, avec de fortes chimiosélectivités dans la réaction d’époxydation du 
cyclooctène.  
 
 
 
 
 
TITRE DE LA THÈSE EN ANGLAIS : 
 
High oxidation state organometallic complexes of molybdenum and tungsten as oxidation 
catalysts 
 
RESUMÉ DE LA THÈSE EN ANGLAIS 
 
The chemistry of molybdenum and tungsten cyclopentadienyl complexes in higher oxidation 
states with oxo, imido and sulfide ligands has increased in significance. Interest in Cp* oxo 
molybdenum and tungsten complexes is particularly motivated by their potential in oxidation 
catalysis. Most advances in the chemistry of molybdenum and tungsten systems involve 
investigations on oxidation processes. An important need in this area is to find a better and simpler 
procedure for the synthesis of dinuclear Cp* oxo molybdenum and tungsten complexes. Improved 
high-yield synthetic routes to the well-known starting compounds [Cp*2M2O5] (M=Mo, W) are 
described in the thesis.  
Subsequently, the reactivity of the WVI complex with sulphur donor ligands is presented. This 
comprises the investigation of the interaction between [Cp*2W2O5] and mercaptocarboxylic acids, 
especially 3-mercaptopropionic acid, which resulted in the isolation and structural characterization 
of compound [Cp*WO2(SCH2CH2COOH)]. This is the first reported structure of WVI surrounded 
by a CpO2(SR) ligand set. Comparison with the results of the corresponding reaction of 
[Cp*2Mo2O5], which leads to facile metal reduction, shows a greater tendency of the Mo compound 
to be reduced. For the W complex, on the other hand, a reversible reaction gives rise to a simple 
Cp*WVI ligand exchange product. The corresponding reaction for thioglycolic acid resulted in an 
adduct having the same stoichiometry at low substrate/W ratio, but containing a 5-membered cycle 
in an asymmetric [Cp*WO(OH)(SCH2COO)] structure. However, the deepening of the solution 
color when using greater substrate/W ratios indicates the intervention of metal reduction to yield 
several by-products as shown by NMR.  
Cp*Mo oxo complexes have proven to be efficient catalyst precursors for the epoxidation of 
olefins and the thesis also focused on the catalytic activity of [Cp*2Mo2O5] with TBHP (in decane) 
as oxidant in the MeCN/Toluene system. High activities were observed under mild conditions with 
catalyst loadings as low as %1 and with high chemoselectivities for the epoxidation of cyclooctene. 
The rate law for the catalyzed process has been derived and the difference with respect to the 
previously determined rate law for the same process with H2O2 as oxidant is discussed. The 
activation parameters for the catalytic process have also been derived by the Eyring analysis from 
variable-temperature kinetic data. A puzzling difference in relative reactivity of the Mo and W 
systems (W >> Mo when using H2O2, W << Mo when using TBHP), however, remains without a 
satisfactory rationalization.  
A detailed investigations of the speciation behavior of the tungsten compound, [Cp*2W2O5], 
through combined 1H NMR and electrical conductivity studies in a variety of coordinating and 
dissociating solvents (acetone, DMSO, MeOH, MeCN, H2O) is presented in the thesis. The 
combined 1H NMR investigations are in complete agreement with the results of the electrical 
conductivity studies, in the sense that the dominant or exclusive species in all organic solvents is 
undissociated. These experimental studies demonstrate that at least two species are formed in polar 
solvents and are corroborated by a computational study. 
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